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SUMMARY 
Responses of plants to saline environments have indicated that Na+ exclusion is an 
important mechanism of salt tolerance. Current durum wheat cultivars lack the character 
of Na+ exclusion, which makes them more salt sensitive than bread wheat cultivars, 
which have the character. The aim of the present study was to understand the 
physiology and genetics of the character of Na+ exclusion that was recently discovered 
in some durum wheat landraces, in order to advance the introduction of the character 
into cultivated durum wheat. 
Three ancestral durumlandraces with very low Na+ levels in leaf blades at high salinity 
(150 mM NaCl) were compared with the current Australian durum cultivar Wollaroi 
and a durum landrace with very high Na+ levels. Performance of the low Na+ uptake 
genotypes was evaluated over a wide range of salinity levels, on the basis of shoot and 
root ion contents, growth rates, ion transport rates and ion selectivity. Low Na+ uptake 
genotypes had much lower shoot Na+ concentration at all external salinity levels ( 10-
150 mM NaCl) than the cultivar and the high Na+ uptake genotype. This was due to low 
rates of transport from root to shoot, not to higher growth rates or higher shoot:root 
ratios. Low Na+ uptake genotypes also had much higher K+ shoot concentrations, hence 
higher K+ IN a+ discrimination. Root Na+ concentrations were similar for all genotypes, 
indicating that the genetic differences in the control of Na+ ·transport were at the loading 
of the xylem in the root. There was little difference in er concentration between 
genotypes, in roots or shoots. Root concentrations of Na+ and er for all genotypes were 
controlled well, showing little increase above 50 mM with increasing salinity. This 
study showed clear genetic differences in K+/Na+ discrimination in durum landraces that 
could be used to increase the salt tolerance of current durum varieties. 
Observations during the first part of this study suggested that the low Na+ uptake durum 
genotypes had symptoms of leaf Ca2+ deficiency. As sodic soils are often Ca2+ deficient, 
the second part of the study aimed to determine the genetic variation in Ca2+ uptake 
over a range of salinity levels, and also to examine any effects of low Ca2+ on the Na+ 
excluding ability of durum genotypes. An increase in the level of Ca2+ supply decreased 
the shoot Na+ concentration at high external salinity and increased the K+/Na+ 
selectivity to a similar extent in all genotypes. However, the genotypes with low Na+ 
uptake were much more prone to Ca2+ deficiency. Even at 10 mM Ca2+ the low Na+ 
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uptake genotypes showed leaf Ca2+ deficiency symptoms in the presence of high 
salinity. Another experiment was conducted to determine whether high concentration of . 
external Ca2+ (15 mM) could overcome the salinity-induced Ca2+ deficiency. The results 
showed that 15 mM Ca2+ was sufficient to overcome the deficiency symptoms which 
were observed at high salinity levels. 
Two durum landraces with extremes of low and high Na+ uptake were selected for 
genetic studies of the low Na+ uptake trait. Crosses were made, F 1 plants allowed to self 
and then 100 F2 plants were screened for Na+ uptake at high salinity (150 mM NaCl). 
Measurements of F2 individuals for Na+ uptake (in leaf 3 at 10 days after emergence) 
showed 20 F2 individuals with low Na+ uptake. Partially calcium (6 mM Ca2+) was used 
to check for any Ca2+ deficiency linked with low Na+ uptake. Fortunately, the characters 
for susceptibility to Ca2+ deficiency and Na+ low uptake segregated independently. In 
the second part of this study F2:3 seeds were harvested and 30 F2:3 families from F2 
individuals with the lowest and highest Na+ uptake were selected for measurement of 
Na+ uptake. The results showed that Na+ uptake had high heritability (0.7), and 
suggested that it was controlled by two genes with dominance effect. 
This work was linked with an industry-funded project aiming to identify major QTLs 
associated with the low Na+ trait, and to identify molecular markers for breeding 
purposes. A major QTL on chromosome 2A had been recently identified from the cross 
between the low Na+ uptake durum landrace used above and the durum cultivar 
Tamaroi, and a microsatellite marker developed. This marker was tested on the F2 
population described above. The marker had a high association with the low Na+ trait, 
showing the marker is very close to the locus for the low Na+ trait. 
A long term experiment was designed to study the effects of low Na+ trait on biomass 
production and yield of durum wheat in saline soils. Because of the more rapid 
phenological development of the durum cultivar, its biomass production and yield could 
not be compared directly with that of the low Na+ landrace, so contrasting landraces of 
similar developmental pattern were compared. Six genotypes comprising the low and 
high Na+ uptake parental landraces described above, and four F3:4 progeny families with 
contrasting Na+ uptake were grown at low, moderate and high salinity (1, 75 and 150 
mM NaCl). Photosynthetic capacity and leaf injury over time were monitored non-
destructively by recording chlorophyll concentration with a SP AD meter. Differences in 
Vlll 
chlorophyll retention were observed between genotypes. The low Na+ uptake genotypes 
had greater chlorophyll retention than the high Na+ uptake genotypes. At moderate 
salinity (75 mM NaCl), the low Na+ uptake landrace had no significant yield reduction, 
compared with the non-saline control treatment, while the high Na+ landrace had a 30% 
yield reduction. At high salinity (150 mM NaCl), yield was reduced by 90% in both 
durum landraces. 
The outcome of this work shows that the low Na+ trait leads to improved salt tolerance 
at moderate salinity (75 mM NaCl). The high heritability of the trait, coupled with its 
stability over a range of soil Na Cl, Ca2+ and K+ concentrations indicates that the trait 
could be readily introdµced into durum culti vars to improve their tolerance to sodic and 
saline soils. 
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CHAPTER 1 INTRODUCTION AND LITERATURE REVIEW 
1.1 Introduction 
1.1.1 Food production 
World population will reach an estimated figure of 8.3 billion by the end of 2025 (FAO 
2001). The increase in world population is taking place mostly in developing countries. 
Asia and Africa will have populations of 4.9 billion and 1.6 billion respectively by the 
year 2025 (F AO 2001). Although arable land in the world has increased by 6% during 
the last 25 years, per capita arable land has decreased. The average per capita land, 
world wide, decreased from 0.38 ha in 1970 to 0.23 ha in 2000 and is expected to be 
only 0.14 ha by 2100 (FAO 2001). Even though new areas of land can be brought into 
cultivation, this can be expensive, and environmentally unsustainable in the long term. 
One constraint to bringing more land into productive use is shortage of water for 
irrigation. An alternative is to increase production from available agricultural land. This 
will not be easy, since large areas are already degraded, and land which is brought into 
production may be increasingly marginal because of poor soils. 
1.1.2 Salinity and sodicity 
Common soil problems include salinity and sodicity. Total world distribution of saline 
and sodic soils is shown in Table 1.1. 
Table 1.1: Regional distribution of salt-affected and sodic soils in million ha (modified from Land and 
Plant Nutrition Management Services, FAQ 2001). 
Regions Total Area Saline Soils Sodic Soils 
Africa 1899 38.7 33.5 
Australasia and Pacific 3107 195.1 248.6 
Europe 2010 6.7 72.7 
South A1nerica 2038 60.5 50.9 
North America 1923 4.6 14.5 
Middle East 1801 91.5 14.1 
Total 12781 397.1 434.3 
Of the world's 1500 million ha of dry land agriculture, 32 million ha are salt-affected, 
and of the world's current 230 million ha of irrigated land, 45 million ha are salt-
affected (Oldeman et al. 1991). 
The category of 'salt-affected soils' includes those that are saline and/or sodic. A saline 
soil is defined as one where the electrical conductivity of the saturation extract of the 
soil in the root zone exceeds 4dS/m at 25° C, and has an exchangeable sodium 
percentage (ESP) less than 15 (USDA 1954). A sodic soil is defined as one where the 
exchangeable sodium percentage (ESP) is greater than 15. Both conditions are enough 
to reduce crop growth (USDA 1954). 
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Sodicity develops through a process whereby sodium ions build up in preference to 
other cations, particularly calcium, on the exchange complex of the soil. Increase in soil 
pH and decrease in calcium and magnesium usually accompany this process (Irvine and 
Daughton 2001). This process is not caused by changed agricultural practices, but 
occurs naturally over a very long period of time. 
Salinity has been given more attention than sodicity, due to the fact that its presence in 
agricultural regions is mainly human-induced, as a result of irrigation or land clearing 
(Sumner 1995). The common factor is changing management practices that alter the 
water balance, and cause rising water tables. This may lead to mobilization of salts in 
the soil profile, and bring salts to the surface (Sumner 1995). 
Dry land salinity has been a threat to land and water resources in many parts of the 
world and Australia is one of the countries where salinity is a major problem (FAO 
2001). Australia comprises a land area of about 7.7 x 108 ha. It is a relatively flat 
continent and after Antarctica the world's driest continent. Two-thirds of the continent 
is arid or semi-arid. The total area of agriculture in Australia is 45 million ha i.e. , 5.9% 
of the total land area (AgStats 1999). Despite the widespread problems of low rainfall, 
sodicity and soil infertility, agriculture is still the most productive form of land use. Due 
to land clearing and the resultant salinisation, approximately 2.5 million ha are now salt-
affected (ANRA 2001). It is forecast that 12 million ha could become salt-affected over 
the next 20 years, and a total of 17 million ha are at risk of salinisati6n by the year 2050 
(Fig. 1.1). 
Forecast of areas to be 
affected by salinity in 
Australia in 2050 
.. 
• .. .. J • 
• ..,i 
.~ , 
~ . 
., _ _;;.. . ' 
Figure 1.1: Salinity map of Australia showing land that is at risk of dry land salinity over the next 50 
years (ANRA 2001). 
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Sodicity is another factor affecting productivity. Soil in Australia is classified as sodic 
when the exchangeable sodium percentage (ESP) exceeds 6, and starts affecting the soil 
structure (CRC for Soil and Land Management 1999). This is a more stringent 
definition than the USDA one given above. It is estimated that one-third of Australian 
soils are sodic, and the area of sodic soils is 5 times larger than those of saline soils 
(CRC for Soil and Land Management 1999). Sodic soils in Australia have caused huge 
agricultural production losses and pose environmental threats to economic progress 
(Rengasamy 2002). 
on-alka line sodic 
- Alkaline ~od ic 
Figure 1.2: Distribution of sodic soils in Australia (Rengasamy and Bourne 1997). 
Both salinity and sodicity impose limits on Australian agriculture. It is necessary to 
develop methods of improving crop productivity in these soils, and to find both 
agronomic and genetic solutions. The aim of the present study is to understand 
mechanisms that would improve the salt tolerance of crops, with the focus _on durum 
wheat. The expected outcome of the work would be durum wheat capable of yielding 
more under saline and sodic conditions. 
1.1.3 Wheat Production 
4 
Wheat is the world's most widely grown and consumed food crop. It is the staple food 
crop for nearly 35o/o of the world's population. The predicted demand for wheat 
production in the year 2020 varies between 840 million tonnes (Rosegrant et al. 1995) 
and 1,050 million tonnes (Kronstad 1998). To achieve this demand, world production 
will need to increase 1.6% to 2.6% yearly from a present wheat production level of 560 
million tonnes. Bread wheat production in the major wheat-producing countries of the 
world is shown in Table 1.2. 
Table 1.2: Production of bread wheat in major producer countries/regions, 2001 
(http://www.cropweek.com/pdf/ryelds.pdf) 
Countries/Regions 
USA 
Canada 
Argentina 
Europe 
Russia 
India 
China 
Australia 
Wheat production 
(million tonnes) 
21.3 
53.3 
16.1 
9.1 
45.0 
68.5 
93.8 
22.3 
Durum wheat is grown on approximately 17 million ha worldwide and approximately 
half of this area is in developing countries. Durum wheat is used for pasta in the 
Western world, and for flat breads, couscous and bulgur in developing countries. Durum 
wheat is produced in the Middle East, Central India and the Mediterranean region of 
West Asia and North Africa, which comprise of 80% of durum area. Generally durum 
wheat production in developing countries is low, due to low level inputs of fertilizers 
and water in semi-arid regions. In irrigated environments where moisture and other 
resources are not limiting, good yields are obtained. 
Table 1.3: Major durum wheat production regions of the world, 2001 
(http://www. cropw eek. com/pdf/ryelds. pdf) 
Durum Wheat production 
Countries/Region (million tonnes) 
USA 2.3 
Canada 3.1 
North Africa 3.4 
Europe 7.5 
Australia 0.6 
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In Australia, durum wheat is currently only grown in limited areas and largely confined 
to better soils of northern NSW (Fig. 1.3). It could be grown over a much wider area (as 
indicated in Fig. I. 3 ). However, this means it will encounter sodic and saline soils, as 
well as other abiotic stresses including drought, waterlogging, acidity and soil nutrient 
deficiencies. Among these, salinity is a major threat for durum wheat production, as it is 
more salt sensitive than bread wheat. 
I 
I .. I 
I I 
,-- - - -- -- -, 
I I 
I 
Figure 1.3: Durum growing areas in Australia and areas where durum could be grown (map provided by 
Dr R. A Hare, NSW Agriculture). 
The total area sown to durum wheat in Australia has increased greatly over the last ten 
years, reaching 225,000 ha in 1998 (Fig 1.4A), with a total production of 500,000 
tonnes (Figure 1.4C) for that year, and an average yield over that time of about 2.5 
tonnes ha- 1 (Fig 1.4B). The increase in area sown to durum wheat has been stimulated 
by the higher price of durum wheat than of bread wheat, of equivalent grain N levels. 
Good quality durum brings premium prices. 
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Figure 1.4: (A) Durum wheat harvested area, (B) yield and (C) production in Australia, 1989-1999 
(USDA 1999). 
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As can be seen from Fig. I .4B, the yield per hectare of durum wheat has not been 
steady, and has fallen over the last four years. This is largely because durum wheat is 
expanding into areas subject to abiotic stress. The areas potentially subject to dryland 
salinity (Fig. I. I), cover both new areas for durum production, and also areas in which 
durum has been grown in the past (Fig. 1.3). It is possible that genetic variation exists in 
ancestral durum wheat that could be introduced into modem cultivars to improve their 
salt tolerance. 
1.1.4 Wheat - historical and cytogenetic background 
7 
The evolution of wheat as a crop plant began 10,000 years ago in the Fertile Crescent of 
the Middle East (Harlan and Zohary 1966). The earliest evidence for the utilization of 
wheat comes from Ohalo II site in Israel, where the wild tetraploid wheat Triticum 
dicoccoides was found dating from c. 17,000BC (Kislev 1992). Before farming began, 
the brittle forms of both diploids and tetraploids were probably harvested throughout the 
Fertile Crescent (of Mesopotamia and Syria) (Feldman et al. 1995). The earliest 
findings of semi-brittle tetraploid T. turgidum ssp dicoccum (emmer) and diploid T. 
monococcum ( einkorn) at Tel Aswad and Tel Abu Hureyra in Syria date back to c. 
8,000BC and c. 75,00BC, respectively (Zohary and Hopf 1988). This evidence suggests 
that diploid and tetraploid wheats were taken into cultivation around the same time, and 
quickly spread to all farming areas of the Middle East. 
Durum wheat, T. turgidum ssp durum, is thought to originate from cultivated emmer. 
All tetraploid wheat species found in the Middle East are adapted to the mild winters 
and rainless summers of a typical mediterranean climate. 
Hexaploid wheat (T. aestivum) arose in cultivation after interspecific hybridization 
between tetraploid wheat (unknown type) and the diploid wheat Aegilops squarrosa. 
This was fallowed by domestication, based on natural mutation, recombination and 
selection. The earliest finding dates back to c. 7,000BC at Can Hasan, Turkey. T. 
aestivum mixed with cultivated emmer appears to have been grown in irrigated 
agriculture of the Mesopotamia plains, and from Western Iran through to the Nile basin, 
around 5,000-6,000BC. Hexaploid wheats were more adaptable to continental climates, 
and this could be the reason for their spread into central Asia and the Indus valley 
(Feldman et al. 1995). 
Arising from the work of Sakamura (1918) a classification key based on the number of 
chromosomes present in wheat came into operation (Table 1.4). Wheat belongs to the 
family Poaceae (Gramineae). Diploid wheat is characterized by having 14 
chromosomes, one set of 7 being derived from each parent (making up 1 genome). 
Tetraploid wheat has 28 chromosomes (2 genomes) and hexaploid wheat has 42 
chromosomes (3 genomes). 
Diploid wheat includes T. monococcum which can be of either wild or cultivated type, 
and T. urartu, which is a related wild species. T. urartu is different from T. 
monococcum genetically, morphologically and biochemically, but has a common 
genome, A. Aegilops squarrosa (syn. T. tauchii or Ae. squarrosa), a 'goat grass', is 
widespread in the fields of the Middle East, Central Asia, and China (Kihara et al 
1965). 
Durum wheat belongs to the T. turgidum (L.) group which is subdivided into several 
subspecies (Table 1.4). All T. turgidum subspecies have the AB genome formula. All 
subspecies are easily intercrossed and the hybrids are fertile; all have the same 
chromosome structure and pair well at meiosis. T. turgidum ssp durum types are the 
most important agriculturally among all cultivated tetraploid species (Byerlee 1981; 
Hanson et al (1982). 
Table 1.4: Classification of Triticum taken from van Slageren (1994). 
SPECIES GENOME SUBSPECIES 
DIPLOIDS 
Aegilops squarrosa (syn. Triticum tauchii) DD 
Aegilops speltoides SS 
Triticum L. 
Section Monococcon Dumort. 
Triticum monococcum L. AA subsp. monococcum 
8 
subsp. aegilopoides (Link) Thell. (syn. boeoticum) 
Triticum urartu Tumanian ex Gandilyan AA 
TETRAPLOIDS 
Section Dicoccoidea Flaksb. 
Triticum turgidum L. AABB subsp. turgidum 
subsp. carthlicum (Nevski in Korn.) A.Love & D. Love 
subsp. dicoccum (Schrank ex Schtibler) Thell. 
subsp. durum (Desf.) Husnot 
subsp. paleocolchicum (Menabde) A.Love & D. Love 
subsp. polonicum (L.) Thell. 
subsp. turanicum (Jakubz.)) A.Love & D. Love 
subsp. dicoccoides (Korn. ex Asch. & Graebner) Thell. 
HEXAPLOIDS 
Section Triticum 
Triticum aestivum L. AABBDD subsp. aestivum 
T. aestivum is thought to derive from a cross between the tetraploid T. turgidum AB 
genome and Aegilops squarrosa 'D' genome. T. aestivum includes bread wheat and 
feed wheat. 
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It is likely that genetic variation exists within ancestral wheat species for more efficient 
use of plant nutrients and control of ion toxicities. The use of wide genetic resources in 
cereal crops such as rice and wheat is an important strategy for crop improvement 
(Rajaram and Borlaug 1996; Pinagali and Rajaram 1997). 
The present study was undertaken to assess the potential for improving salt tolerance of 
durum wheat, and to understand the different mechanisms involved in salt tolerance. 
The specific goals were (1) to look for genetic diversity in durum wheat lines for high 
growth and yield in saline and sodic soils, and (2) to understand the physiological and 
genetic basis for the trait of Na+ exclusion, that has the potential to improve salt 
tolerance of durum wheat. 
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1.2 Literature Review 
Adaptation to salinity involves a complex set of mechanisms of which many are as yet 
not fully understood. The approach taken in this current project is that unutilized genetic 
variation exists in important crop species such as durum wheat. With an understanding 
of the physiological mechanisms involved, it should be possible to select for salt 
tolerance and to breed it into modern cultivars. A set of potentially salt tolerant 
tetraploid genotypes was explored as a source of salinity tolerance for durum wheat. 
The following literature review briefly covers main areas of research relating to 
mechanisms and genetics of salt tolerance, with emphasis on wheat. Detailed review of 
the literature on specific topics is contained in the four research chapters following. 
1. 2.1 Growth Response 
Three basic problems are faced by plants in saline environments (Greenway and Munns 
1980): 
1. reduction in water potential of the surrounding environment resulting in water 
becoming less available, 
2. physiological and biochemical processes of the organisms being interfered with 
by potentially toxic ions, and 
3. maintenance of macro nutrient uptake despite the predominance of Na+ and er. 
The general effect of salinity is the reduction in growth rate of plants at even low to 
moderate levels of salinity. This reduction is always due, at least in part, to osmotic 
effects (Munns 1993). The osmotic effect is due to the low soil water potential, ie the 
salt outside the roots, and this leads to reduced cell expansion and reduced leaf and root 
production. The ionic effect on growth takes time to develop, as it is due to high 
concentration of ions inside the plant (Munns 1993; Munns et al. 1995). This causes a 
two-phase effect on growth. The first phase of growth reduction is due to the salt 
outside the roots, which affects growth very quickly, whereas the second phase is due to 
the internal injury inside the plant and takes time to develop (Munns 2002). An 
additional effect may be caused by Ca2+ deficiency, which can be over come by 
maintaining a Na+/Ca2+ external solution according to the plant's requirement. 
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It is important for breeding programs attempting to improve the salt tolerance of crop 
species to understand the mechanisms by which plants adjust to saline environments. 
This thesis focusses on the ionic aspects of salt tolerance, and the control of salt uptake 
and transport, not on the osmotic response. 
1.2.2 Mechanism of Salinity Tolerance 
In the control of ion transport, there are two types of mechanisms operating in plants, 
one that controls the entry of salt into the plant and subsequent transport (Na+ 
exclusion), and the second that controls the concentration of salt in the cytoplasm 
(Flowers et al. 1977; Greenway and Munns 1980). 
For wheat, Na+ is the ion that is likely to become toxic, not er. Gorham (1990) and 
Gorham et al. ( 1990) reported no differences in er concentration between tetraploid 
and hexaploid genotypes that differed in salt tolerance. Bread wheat cultivars when 
grown in field or in hydroponics have shown some evidence that a high K+/Na+ ratio 
particularly in the youngest leaf may be associated with salt tolerance (Joshi et al. 1979; 
Rashid 1986). As detailed in the following section (Section 1.2.3), low Na+ 
accumulation and high K+ IN a+ is a characteristic of salt tolerant species in the. Triticeae 
(Gorham et al. 1984a, 1985, 1986a, b). Genetic variation in Na+ loading of the xylem 
appears to explain differences in Na+ accumulation and hence salt tolerance between 
Triticum species (Gorham et al. 1990). 
Control of Na+ uptake 
The mechanism of salt exclusion involves exclusion by roots of uptake from soil, and 
exclusion from the leaves by retention within the plant (Munns 2002). Mechanisms 
through which Na+ and er are excluded from the leaves in glycophytes is summarised 
below. 
1. Selectivity of uptake by root cells. It is still unclear which cell types control the 
selectivity of ions from the soil solution. The initial uptake of Na+ and er could 
occur at the epidermis, at the exodermis, or if soil solution flows apoplastically 
across the root cortex, it would occur at the endodermis. 
2. Loading of the xylem. There is evidence for a preferential loading of K+ rather than 
Na+ by the cells of the stele. 
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3. Removal of salt from the xylem in the upper part of the roots, the stem, petiole or 
leaf sheaths. In many species, Na+ is retained in the upper part of the root system 
and in the lower part of the shoot, indicating an exchange of K+ for Na+ by the cells 
in the stele of the roots or in the vascular bundles in stems and petioles. 
4. Loading of the phloem. There is little retranslocation of Na+ or er in the phloem, 
particularly in the more tolerant species. This ensures that salt is not exported to 
growing tissues of the shoot. 
Control at the molecular level: ion transporters 
The ion channels and transporters that regulate the net movement of salt across cell 
membranes have been recently reviewed (Amtmann and Sanders 1999; Schachtman and 
Liu 1999; Tyerman and Skerrett 1999). Na+ uptake is by competition with other cations, 
in particular K+. Na+ could enter the cell through high affinity K+ carriers or through 
low affinity channels called non-selective cation channels that are strongly influenced 
by Ca2+. These non-selective cation channels could allow entry of large amounts of Na+ 
from a highly saline soil if not adequately regulated (Tyerman et al. 1997; Amtmann 
and Sanders 1999). Na+ can be effluxed from the cytoplasm through Na+/H+ 
antiporters, driven by the pH gradient across the plasmalemma (Blumwald et al. 2000). 
These transport processes all work together to control the rate of net uptake of Na+ by a 
cell. Intracellular compartmentation is by a vacuolar Na+/H+ antiporter, driven by a pH 
gradient across the tonoplast (Blumwald et al. 2000). 
Na+ exclusion is always accompanied by K+ accumulation. This occurs because the 
pathway of Na+ uptake is via channels or transporters that would otherwise take up K+. 
Further, the uptake of Na+ will depolarize the cell and so reduce passive uptake of other 
cations including K+, thus leading to a net reduction of K+/Na+. 
C 2+/N +. . a a interactions 
Ca2+ activity may be low in sodic soils and saline soils, therefore it is important to 
overcome this potential deficiency by maintaining a Ca2+ IN a+ ratio of external solution 
required by the plant (Cramer 2002). With increasing Ca2+ concentration in the external 
solution, Ca2+ activity is increased at the plasma membrane of roots, and Na~ activity is 
reduced (Cramer and Lauchli 1986). This leads to increased Ca2+ uptake and decreased 
Na+ uptake. 
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Salinity can inhibit the uptake of Ca2+ by plants (Cramer et al. 1986, 1987), possibly by 
displacing it from the cell membrane (Lynch et al. 1987) or in some way affecting 
membrane function (Lauchli 1990). NaCl can inhibit the direct movement of Ca2+ from 
the external solution to the xylem of the roots by inhibiting the release of Ca2+ in the 
cells of the stele into the xylem, and screening the cation exchange sites in the root 
apoplast. This blocks the movement of Ca2+ across the root and into the xylem (Lynch 
and Lauchli 1984; 1985). 
Ca2+ also helps in maintenance of K+ transport and K+/Na+ selectivity at the plasma 
membrane of roots under saline conditions (Colmer et al. 1994; Martinez and Lauchli 
1993), and so restricts the entry of Na+ in the shoots. Plants have several mechanisms 
through which Na+ enters a plant cell, including non-selective cation channels through 
which Na+ might enter if the Ca2+ activity is low (Amtmann and Sanders 1999; 
Tyerman and Skerrett 1999). These channels may be more selective for Na+ than K+ 
(Roberts and Tester 1997). 
Davenport et al. (1997) and Reid and Smith (2000) have shown that it is important to 
maintain the activity of Ca2+ in the medium above 1.5 mM, probably at 2-3 mM, for 
control and of Na+ uptake, and optimal growth of plants in saline soil. 
Control of Na+ concentration in the cytoplasm 
Tolerance of high internal concentrations of Na+ and er is important as salts may 
eventually reach high concentrations in leaves, even in'plants that have low rates of 
uptake. Salts will reach high concentrations in older leaves, as they are brought in the 
transpiration stream, and there is relatively little remobilisation in the phloem (reviewed 
by Munns 2002). Tolerance of high concentrations involves compartmentalization in the 
vacuoles, so that ions salts do not reach high concentrations in cytoplasmic 
compartments and become toxic. It is considered that 100 mM Na+ is the maximum 
level that can be tolerated without effects on enzyme activity (Munns 2002). Studies 
with halophytes, that can tolerate over 500 mM NaCl in the leaf as a whole, indicated 
that compartmentalization in vacuoles was an important factor controlling salt tolerance 
(Flowers et al. 1977). Vacuole Na+ compartmentalization requires energy-dependent 
transport (Blumwald and Poole 1985; Blumwald et al. 2000), and recently a sodium-
proton antiport has been cloned from Arabidopsis (Apse et al. 1999). 
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If Na+ and er are sequestered in the vacuole of a cell, K+ and organic solutes should 
accumulate in the cytoplasm and organelles to balance the osmotic pressure of the ions 
in the vacuole. The compounds that accumulate most commonly are praline and glycine 
betaine, although other molecules can accumulate to high concentrations in certain 
species (Hasegawa et al. 2000). 
1.2.3 Genetic variation in Na+ accumulation and IC !Na+ discrimination 
Lower Na+ accumulation, and higher discrimination of K+ against Na+, was observed 
for hexaploid wheat (ABD genomes) and the diploid wheat Aegilops tauschii (D 
genome) than by tetraploid wheat (AB genomes), so it was evident that the character for 
K+INa+ discrimination resided in the D genome (Shah et al. 1987; Gorham et al. 1990). 
The work of Gorham and colleagues showed that the D genome of wheat, derived from 
the diploid grass Aegilops tauschii, carries a gene or genes which determine the K+ IN a+ 
ratio in leaves of wheat (Gorham etal. 1987; Wyn Jones et al. 1984). Gorham et al. 
(1987) studied a set of disomic substitution lines in which each chromosome of the D 
genome in bread wheat was substituted for the homoeologous chromosome of durum 
wheat (Joppa and Williams 1988). In lines where chromosomes 4A and 4B were 
replaced by 4D of bread wheat, there was better discrimination for K+ over Na+ under 
salt stress. Chromosome 4 D accounted for 60% of the differences in K+ IN a+ 
discrimination between bread and durum wheat (Dvorak and Gorham 1992; Noaman 
2000). Dvorak et al. (1994) have shown that enhanced K+INa+ and Na+ exclusion is 
controlled by a single locus Knal, in the long arm of chromosome 4D. Their conclusion 
was that "Knal is one of the important factors responsible for the higher salt tolerance 
of bread wheat relative to durum wheat". 
There was little difference between hexaploid and tetraploid wheat in root Na+ 
concentration (Gorham et al. 1990), so they concluded that a major site of control of the 
transport of K+ and Na+ to the shoots was loading at the xylem in roots . 
The trait for lower Na+ accumulation was also exhibited by diploid wheat (T. 
monococcum L. and T. urartu Thum.), so it was concluded that the trait had been lost 
during the evolution of T. turgidum, or that the B genome suppressed the Na+ -excluding 
ability of the A genome (Gorham et al. 1991; Gorham 1993). 
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There could be variation within the durum species that has not been incorporated into 
modem durum wheats. In northern Syria, a site (Hegla) which is moisture deficient and 
saline is being used since 1982 to test diverse types of germplasm. Weltzein and 
Winslow (1984) reported that 80 salt tolerant lines have been identified so far and given 
to breeders. Durum varieties from other countries such as Argentina and Ethiopia were 
also tested and were found to perform well (Damania 1991). 
Barley lacks the K+/Na+ discrimination trait found in wheats (Gorham et al. 1990). The 
salt tolerance of barley may be related to the ability to partition Na+ into older leaves 
and leaf sheaths and K+ into growing tissues (Greenway 1962; Boursier et al. 1987) and 
to redistribute these two ions in the phloem (Munns et al. 1986; Wolf and Jeschke 
1986). 
1.2.4 Breeding crops for salinity tolerance 
Breeding crops for salt tolerance can help to bring about changes that relate to social 
and economic advantages (Hollington 1998), however the heterogeneity of saline soils 
makes it difficult to breed for yield or biomass in saline soil in the field. Flowers and 
Yeo (1995) have suggested that screening for salt tolerance should be carried out by 
using physiological markers or traits as selection criteria, together or separately. 
Selection should not only be made considering yield or yield components. 
Molecular markers have the potential of increasing the efficiency and quality of the 
selection for desirable traits in new varieties. Molecular markers help in identifying 
genetic differences associated with a specific trait. A perfect marker identifies actual 
genes linked with the trait and are most useful when wanting to combine a number of 
traits. There are many different mechanisms that can lead to salt tolerance, so 
pyrimiding traits is the best way to make substantial gains in salt tolerance (Yeo and 
Flowers 1986). Molecular markers would be very useful for pyramiding different traits 
for salt tolerance (Flowers et al. 2000) and for adding other traits for other abiotic 
stresses that might accompany salinity, such as drought or waterlogging. The use of 
molecular markers shows great promise to accelerate breeding, and to combine traits. 
For the next 20 years, it is likely that significant gains from conventional breeding will 
continue (Duvick 1996). Development of germplasm with increased salinity tolerance 
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and appropriate agronomic qualities can improve productivity in dryland and irrigated 
agriculture, but also targeting physiological traits in different environments can provide 
a comprehensive information base for durum breeders (Damania 1991). 
1.3 Rationale 
The aim of the present study was to investigate the physiology and genetics of some 
durum wheat landraces identifed as having Na+ exclusion, and therefore possibly being 
salt tolerant. This information will be used to advance the introduction of the Na+ 
exclusion trait into current durum cultivars, which are poor· at excluding Na+ and are salt 
sensitive. 
1.3.1 T'hesis ainis 
• To determine whether the trait of Na+ exclusion leads to greater salt tolerance in 
durun1 wheat in terms of greater biomass accumulation and yield. 
• To examine the stability of the trait over a range of Ca2+ and salinity treatments, 
in terms of growth and ion accumulation over two weeks of treatment, to 
determine whether the low Na+ lines were suitable to improve the salt tolerance 
of current cultivars. 
• To determine the heritability of the Na+ exclusion trait, and develop germplasm 
for the purpose of identifying molecular markers for the Na+ exclusion trait. 
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CHAPTER 2 GENETIC VARIATION IN SALT TRANSPORT TO SHOOTS OF 
DURUM WHEAT 
Abstract In a previous search for germplasm that could be used to improve the salt 
tolerance of durum wheat cultivars, ancestral durum landraces were identified which 
had very low Na+ accumulation in leaves at high salinity, a character expected to confer 
salt tolerance. To investigate whether this low Na+ accumulation is due to genetic 
differences in Na+ transport and not due to higher relative growth rates or shoot:root 
ratios, growth and ion uptake rates were measured over a range of soil salinities likely to 
be encountered in agriculture, up to 150 mM NaCl. Low Na+ durum landraces showed 
at least three times lower rates of Na+ transport from root to shoot than a high Na+ 
landrace and a commercial durum cultivar. K+ transport was enhanced in the low Na+ 
landraces, so K+/Na+ discrimination was enhanced at least four times. There was little 
difference in er transport to shoots between genotypes. Root concentrations of Na+ and 
er showed little genotypic variation, and were well controlled in relation to the external 
solution. This study showed distinct genetic differences in Na+ transport rates from root 
to shoot in durum landraces that could be exploited to increase the Na+ exclusion ability 
of commercial durum cultivars. 
2.1 Introduction 
Durum wheat, Triticum turgidum L. ssp. durum (Desf.), is a relatively salt sensitive 
species (Francois and Maas 1994 ), and is less salt tolerant than bread wheat (Triticum 
aestivum L.) (Joshi et al. 1982; Francois et al. 1986; Rawson et al. 1988). The 
difference in salt tolerance between the two species is strongly associated with the 
ability to restrict Na+ accumulation in the shoot (Joshi et al. 1982), a trait associated 
with the D genome of bread wheat (Gorham et al. 1987; Dvorak et al. 1994). The D 
genome is lacking in durum wheat, which is tetraploid and has A and B genomes. In 
order to improve the salt tolerance of durum wheat cultivars, a search was made for 
genetic variation in Na+ accumulation in the tetraploid genomes by screening a range of 
ancestral durum landraces and related tetraploid subspecies (Munns et al. 2000). A 
screen of 63 tetraploid genotypes revealed large variation in Na+ and K+ accumulation 
within the subspecies durum, with some genotypes having Na+ accumulation and high 
K+/Na+ discrimination similar to bread wheat (Munns et al. 2000). In that study, 
selection was matle on the basis of Na+ accumulation in the third leaf at a single salinity 
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level, 150 mM NaCl. The mechanism of exclusion was not identified, nor was the range 
of salinity over which the genotypic differences were expressed. 
The control of Na+ transport to the shoots takes place mainly by exclusion of most of 
the Na Cl from the soil solution, supplemented by retention of Na+ in the basal part of 
the plants (Greenway and Munns 1980; Jeschke 1984). Low rates of Na+ accumulation 
in leaves could be due to genetic differences in the ability of roots to restrict Na+ uptake 
from the soil, to restrict Na+ entry to the xylem, or to enhance Na+ removal from the 
xylem as it travels to the leaves. Furthermore, genetic differences in shoot:root ratio, or 
in relative growth rates, would affect the rate at which Na+ accumulates in shoots. This 
study examined lines with low Na+ accumulation identified in the previous study 
(Munns et al. 2000), to investigate the basis of their low accumulation. The low Na+ 
lines had a higher K+ concentration in leaves, so that K+/Na+ discrimination was 
enhanced (Munns et al. 2000). The aim was to see if the presence of this trait in the 
tetraploids corresponded functionally with the Knal locus on the D genome, which 
appears to control Na+ transport at the loading of the xylem (Gorham et al. 1990). We 
also examined whether low Na+ transport was associated with low er transport. 
Accun1ulation of Na+, K+ and er in shoots and roots was measured in plants grown at a 
range of salinities (1-150 mM NaCl) for 2 weeks, as well as shoot:root ratio and rates of 
ion transport from roots to shoots. Comparisons were made using durum landraces 
contrasting in Na+ accumulation, a durum cultivar with moderate Na+ accumulation, and 
a bread wheat cultivar with low Na+ accumulation, to provide a wide physiological 
range. 
2.2 Methods and Materials 
2.2.1 Gennplasni 
Five genotypes were selected for these studies which consisted of three durum 
landraces, Lines 149, 151 , 141 , the durum wheat cultivar Wollaroi, and the bread wheat 
cultivar Janz. Lines 149 and 151 were reported to have very low Na+ accumulation and 
enhanced K+/Na+ discrimination (see Munns et al. 2000, Table 2, referred to there as 
selection number 126 775b and 126 787 respectively) . Line 141 , was reported to have 
very high Na+ accumulation (see Munns et al. 2000, Table 2 , the line with the highest 
Na+) . Wollaroi and Janz were chosen as representatives of currently widely used 
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cultivars. Seeds of the durum landraces were provided by Dr Ray Hare of the Centre for 
Crop Improvement, NSW Agriculture, Tamworth, Australia, as purified lines. 
2.2.2 Experimental design 
Experiment 1 used five genotypes (Lines 149, 151, 141, Wollaroi and Janz), with four 
salt treatments (1, 50, 100 and 150 mM). Supplemental Ca2+ was provided (CaCh) and 
the Ca2+ was adjusted for each salt treatment so that the ratio of Na+:Ca2+ did not exceed 
15:1. The Ca2+ concentration for each treatment was 2, 4.3, 6.7 and 10 mM respectively. 
Harvests were taken 7 d and 14 dafter the 150 mM NaCl level was reached. Experiment 
2 used three genotypes (Lines 149, 141 and Janz), with six salt treatments (1, 10, 25, 50, 
75 and 100 mM) along with supplemental Ca2+ (total Ca2+ being 2, 2, 2, 4.3, 5 and 6.7 
mM respectively). Harvest was taken 14 dafter the 100 mM NaCl treatment was 
reached. 
2.2.3 Growth conditions 
Seeds were surface sterilised in undiluted hypochlorite solution for 1 min followed by 
15 min in 5% dilution. Seeds were thoroughly washed with tap water prior to imbibition 
for 1 h, and placed on moistened filter paper in Petrie dishes, and kept at 4 °C for 48 h 
and later at room temperature until they germinated. The germinated seeds were planted 
in plastic pots (5 x 18 cm) filled with river sand and perlite (3: 1 vol:vol). Seedlings were 
placed in a growth cabinet with a light period of 9 h with a photosynthetically active 
radiation (PAR) of 4.5 MJ m-2 d-1 and temperatures of 23°C during the day and 20°C 
during the night. Plants were irrigated with 200 ml of 1A strength modified Hoagland 
and Amon nutrient solution (Termaat and Munns 1986) for three days before the 
concentration was increased to V2 strength (in mM: 3.25 K+, 2 Ca2+, 1 ~+, 1 Mg2+, 7.5 
N03-, 1 H2P04-, 1 S04 2- and in µM: 18 Fe2+, 3 BO/-, 0.25 Mn2+, 0.1 Cu2+, 0.1 Zn2+, 
and 0.05 Mo70 246-). Salt treatments were started just after emergence of the second leaf 
or approximately 7 d after the seedlings were planted in the pots. Salt treatments were 
introduced gradually by increasing the salt concentration each day by 25 rriM till it 
reached the desired salinity level. Seedlings were watered once a day with 200 ml of 
solution, thus flushing the pots and preventing the build up of salt. 
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2.2.4 Measurements 
Four replicates were used for each genotype at each harvest in both experiments. For 
calculation of rates of growth, uptake and transport, replicates were ranked in order of 
weight, and rates calculated from pairs of replicates. Fresh weight and dry weight (after 
70°C for 48 h) of roots and shoot was measured. Roots were washed with 10 mM 
calcium nitrate for 10 min. Roots were not washed with iso-osmotic solutions, so it was 
possible that the degree of swelling expected with osmotic shock might have caused 
leaking of ions, especially in the 150 mM NaCl treatment. However, a later experiment 
using iso-osmotic solutions of sorbitol confirmed these data. In experiment 1, Na+, er, 
K+ and Ca2+ in shoots were measured by X-ray fluorescence spectrometry (Norrish and 
Hutton 1977) using a Philips 1404 sequential X-ray fluorescence spectrometer. In 
experiment 2, Na+ and K+ in shoots were measured by atomic absorption spectrometry 
(Varian Spectra AA-300) after extraction in 0.5 M HN03 for lh at 80°C. er was 
measured in the same extract with a c1- electrode (Orion halide electrode model 96-17). 
In both experiments, roots were extracted in 0.5 M HN03, and Na+, K+ and er 
measured as above. 
Relative growth rate (RGR) of the shoot was calculated as: 
RGR = ln Ws2 - ln Ws1 
h-t1 
where Ws1 and Ws2 are the shoot weights at harvest time t1 and t2 . 
Net ion uptake (J) was calculated according to Pitman (1988) as: 
I= M2 - M1 x 1n WR2 - lnWR1 
t2 - t1 WR2 - WR1 
Transport rate from roots to shoots (Js) was calculated according to Pitman (1988) as: 
Is= Ms2 -Ms1 x ln WR2 - lnWR1 
t2 - t1 WR2 - WR1 
where M 1 and M2 are the ion contents of the whole plant, Ms1 and Ms2 are ion contents 
of the shoot at times t1 and t2, and WR1and WR2 are the corresponding root fresh 
weights. 
2.3 Results 
2.3.1 Rates of ion accumulation and growth of durum landraces and cultivars over a 
wide range of salinities, 1-150 mM NaCl (Experiment 1) 
Shoot ion concentration 
21 
Shoot Na+ concentrations were much lower in the durum landraces Lines 149 and 151 
than in the durum cultivar Wollaroi, at all salinity levels including 1 mM NaCl (Fig. 
2.lA). The high Na+ landrace Line 141 had the highest Na+ of all. The pattern of Na+ 
accumulation over the range of salinities was similar for all the durum genotypes, where 
there was a large increase in ~hoot Na+ concentration from 1 to 50 mM Na Cl, but little 
or no further increase at higher salinities. The shoot Na+ concentration in Wollaroi was 
significantly lower at 150 than at 100 mM Na Cl. This pattern was also found in the first 
harvest· taken 1 week earlier (Appendix 2.1 ), and the Na+ concentrations were not 
substantially different from those in the second harvest. The bread wheat cultivar Janz 
had the lowest Na+ accumulation of all genotypes, and also showed a different pattern 
of Na+ uptake, in that the concentration at 50 mM was significantly lower than at the 
higher salinities (Fig. 2.lA). Thus, only at 1 mM and 50 mM was Na+ concentration in 
Janz less than in the durum landrace Line 149 (Fig. 2. lA). This pattern held for the 
earlier harvest as well (Appendix 2.1). 
Shoot K+ concentrations were decreased by salinity (Fig. 2. lB), and there was an 
inverse relationship between K+ and Na\ that is, the genotypes with the highest Na+ had 
the lowest K+. The main decrease in K+ concentration occurred between 1 and 50 mM 
NaCl, with little effect of higher salinities. 
However, the displacement of K+ by Na+ was not stoichiometric. The sum of Na+ and 
K+ increased in the genotype with the highest Na+ uptake, Line 141 (Table 2.1), because 
the increase in Na+ was greater than the decrease in K+ (Fig. 2.1). In Wollaroi the sum 
of Na+ and K+ increased at 50 and 100 mM NaCl, and then fell back at 150 mM NaCl 
(Table 2.1), because at this highest salinity the Na+ accumulation was less than at 100 
mM NaCl but the K+ concentration was the same (Fig. 2.1). In the other four genotypes, 
the sum of Na+ and K+ decreased at 100 mM NaCl and fell further at 150 mM NaCl 
(Table 2.1), as there were small reductions in both Na+ and K+ (Fig. 2.1). 
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Figure 2.1: Effect of different levels of salinity on accumulation of (A) Na+ and (B) K+in shoots of three 
durum landraces (Lines 149,151 and 141), durum cultivar Wollaroi, and bread wheat Janz, after 14 din 
treatment (Experiment 1). Values are means (n=4) ± se. 
The K+/Na+ ratio reflects the relationship between Na+ and K+ accumulation (Table 2.1), 
and serves to further differentiate the genotypes. The high Na+ landrace (Line 141) had 
the lowest K+ IN a+ ratio of all genotypes, and Wollaroi the next lowest. In Wollaroi the 
ratio recovered at 150 mM NaCl (Table 2.1) because the Na+ accumulation was less 
than at 100 mM NaCl while the K+ remained the same (Fig. 2.lB). The bread wheat 
Janz had the highest K+/Na+ ratio of all genotypes at all NaCl concentrations, especially 
at 1-50 mM (Table 2.1). However, at 100 and 150 mM NaCl, the two low Na+ durum 
landraces had a K+/Na+ ratio as low or lower than the bread wheat (Table 2.1). 
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Table 2.1: ·Effect of different levels of salinity on K+/Na+, K+ + Na+ and er concentration in the shoots of 
three durum landraces (Lines 149,151 and 141), durum cultivar Wollaroi and bread wheat Janz after 14 d 
in treatment (Experiment 1). Values are means (n=4) ± se. 
Genotype NaCl K+/Na+ K+ + Na+ er 
(mM) (mol mor1) (mmol g-1 DW) (mmol g-1 DW) 
Line 149 1 2.6 ± 1.9 1.57 0.21 ± 0.02 
50 4.5 ± 0.4 1.49 0.42 ± 0.01 
100 4.9 ± 0.3 1.37 0.54 ± 0.03 
150 5.4 ± 0.5 1.26 0.66 ± 0.03 
Line 151 1 25.5 ± 1.9 1.19 0.32 ± 0.01 
50 2.6 ± 0.1 1.35 0.49 ± 0.01 
100 2.5 + 0.1 1.32 0.61 ± 0.01 
150 4.0 ±0.9 1.09 0.73 ± 0.03 
Line 141 1 13.00 + 0.90 1.42 0.21 ± 0.01 
50 0.65 ± 0.01 1.73 0.35 ± 0.01 
100 0.58 ± 0.02 1.76 0.59 ± 0.01 
150 0.58 + 0.02 1.72 0.83 ± 0.03 . 
Wollaroi 1 12.20 ± 1.30 1.48 0.21 ± 0.05 
50 1.07 ± 0.09 1.72 0.48 ± 0.02 
100 1.06 ± 0.04 1.63 0.61 ± 0.02 
150 1.37 ± 0.03 1.47 0.88 ± 0.02 
Janz 1 93.3 ± 10.8 1.61 0.27 ± 0.01 
50 14.1 ± 0.7 1.55 0.52 ± 0.02 
100 5.3 ± 1.9 1.38 0.75 ± 0.05 
150 5.8 ± 0.9 1.33 0.85 ± 0.02 
Shoot er concentrations increased in all genotypes with increasing salinity (Table 2.1). 
er concentrations were significantly lower in the durum landraces with low Na+ 
accumulation (Lines 149 and 151) than in the other three genotypes at the highest 
salinity level (Table 2.1). Janz had the highest er. There was no relationship between 
er accumulation and Na+ accumulation, nor with the sum of Na+ and K+ (Table 2.1). 
Ca2+ concentrations were reduced 25% by salinity, but the reduction was similar in all 
genotypes, and there was no significant difference between the 50, 100 and 150 mM 
NaCl treatments (data not shown). Despite the lack of genetic difference in Ca2+ 
concentrations in the shoot as a whole, visible injury (rolling and desiccation on the tops 
of leaves) indicating Ca2+ deficiency was seen in the youngest leaf of Line 149 and to a 
lesser extent in Line 151. This is further explored in the following chapter. 
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Salt tolerance 
The effect of salinity on total plant biomass after 14 d is shown in Figure 2.2. Salinity 
affected the growth of all genotypes similarly, causing a 20 to 30 % reduction at 50 mM 
NaCl and 45 to 60 % reduction at 150 mM NaCl. In other experiments, there was no 
s_ignificant genotypic effect on growth ( data not shown), presumably because the period 
of time ( 14 d) was too short for salt specific effects to show up. 
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Figure 2.2: Effect of a range of salinity on the growth of three durum landraces (Lines 149, 151 and 141), 
durum cultivar Wollaroi and bread wheat cultivar Janz after 14 din treatment (Experiment 1). Values are 
means (n=4) ± se for total shoot and root dry weights. The% values are for the 50 and 150 mM NaCl 
treatments only. 
Growth and ion transport rates 
The differences in biomass between genotypes shown in Fig. 2.2, if due to different 
growth rates, would affect the shoot ion accumulation rates, as would differences in 
shoot:root ratio. Differences between genotypes in biomass partitioning and growth rate 
were therefore measured. A change in the shoot:root could influence the concentration 
of salts in shoots, independently of rates of uptake from the soil. There was little 
variation in the shoot:root ratio, either on a fresh weight basis (Fig. 2.3A) or dry weight 
basis (data not shown), and insufficient to explain the differences between genotypes in 
salt accumulation in shoots. The relative growth rate of the shoot was calculated, as this 
25 
can also affect the rate of accumulation of Na+ in shoots, independently of rates of 
transport from the roots. There were no significant differences between genotypes at 50 
and 100 mM NaCl, and the results were very inconsistent in the 150 mM NaCl 
treatment due to large variation in Harvest 1 plants (Fig. 2.3B). 
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Figure 2.3: Effect of a range of salinity on (A) shoot:root ratio, fresh weight basis after 7 d (Harvest 1) 
and (B) RGR (Relative Growth Rate, fresh weight basis) between 7 and 14 d of treatment in three durum 
landraces (Lines 149, 151 and 141), durum cultivar Wollaroi and bread wheat cultivar Janz (Experiment 
1). Values are means (n=4) ± se for individuals in Harvest 2 in relation to means of Harvest 1. 
The equation for rates of ion transport from root to shoot (see 2.2.4) takes both shoot 
growth and shoot:root ratio into account. Calculated rates of Na+ transport from root to 
shoot (on a root fresh weight basis), in the period between 7 and 14 dafter the final salt 
treatment was reached, were lower in the two durum landraces with low shoot Na+ 
concentrations (Lines 149 and 151) than in the landrace with the high shoot 
concentration (Line 141). Highest values of Na+ transport occurred in Line 141, and the 
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next highest in the cultivar Wollaroi. It was lowest in the bread wheat cultivar Janz (Fig. 
2.4A). This shows that the differences between genotypes in Na+ concentrations in 
shoots were due to genetic differences in the control of ion transport, and not to genetic 
differences in rates of biomass production or partitioning. 
The transport rates were not proportional to the external concentration of Na Cl. In four 
of the five genotypes shown in Fig. 2.4A there was no increase in rates of transport of 
Na+ as the salinity increased from 50 to 150 mM, and in Wollaroi, the rate of Na+ 
transport to the shoot decreased with increasing salinity (Fig. 2. lA). Rates of er 
transport from root to shoot increased with salinity in all the genotypes, and were (Fig. 
2.4B). 
In summary, this experiment indicated that the low Na+ durum landraces differed from 
the high Na+ durum landrace and the durum cultivar because of low rates of Na+ 
transport. The experiment also indicated that Line 149 and Line 151 had a higher shoot 
Na+ concentration and lower K+/Na+ than Janz at the lower salinity, 50 mM. To verify 
this observation, a second experiment was designe9 to study more closely the ion 
relations of roots and shoots of the low Na+ landrace Line 149 compared to the bread 
wheat Janz over a lower range of salinities. 
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Figure 2.4: Effect of a range of salinity on ion transport (Js) of (A) Na+ and (B) er from root to shoot in 
three durum wheat landraces (Lines 149, 151 and 141), durum cultivar Wollaroi and bread wheat cultivar 
Janz between 7 and 14 of treatment (Experiment 1). 
2.3.2 Comparisons of ion accumulation between durum and bread wheat over low to 
intermediate salinities, 1-100 mM NaCl ( Experiment 2) 
For this experiment, only three genotypes were used: Line 149, the durum landrace with 
the lowest Na+ accumulation in the shoot; Line 141, the durum landrace with the highest 
Na+ accumulation; and the bread wheat Janz. Differences in shoot Na+ accumulation 
among genotypes were present at very low Na Cl concentrations, even in the 1 mM 
NaCl treatment (Fig. 2.5A). The greatest increase in shoot Na+ concentration occurred 
between 1 and 10 mM Na Cl. As before, the shoot Na+ concentration of Line 141 and 
Line 149 reached a maximum at 50 mM NaCl, whereas Janz reached a maximum shoot 
Na+ concentration at 7 5 mM Na Cl. Shoot Na+ concentrations were higher in Line 149 
than Janz at all salinities, the differences being at least two-fold from 1 to 50 mM NaCl, 
then becoming less marked with higher salinities (Fig. 2.5A). 
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Figure 2.5: Effect of a range of salinity on (A) Na+ and (B) K+ concentration in the shoots of two durum 
landraces (Line 149 and 141) and bread wheat cultivar Janz, after 14 din treatment (Experiment 2). 
Values are means (n=4) ± se. 
K+ concentrations in shoots were generally opposite to shoot Na+ concentrations (Fig. 
2.5B). The shoot K+/Na+ ratios were similar to the first experiment. The two durum 
landraces reached their minimum K+/Na+ at 50 mM NaCl, whereas Janz did not reach 
this until 7 5 mM Na Cl. As indicated by the data in Fig. 2.5, Janz maintained a higher 
K+ IN a+ ratio than Line 149 for the entire salinity range. er concentrations showed li~tle 
difference between genotypes ( data not shown), although Janz had a slightly higher er 
and Line 149 a lower er concentration, as in the first experiment. 
There was a significant effect of salinity on shoot growth in fresh weight, but no 
significant effect on dry weight in this experiment for all genotypes ( data not shown). 
There was no significant difference between genotypes in shoot:root. Thus, the 
differences in ion accumulation between the different genotypes were due to different 
rates of transport from roots to shoots. 
2.3.3 Ion accumulation in roots 
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Returning to data from the first experiment, involving five genotypes (Table 2.2), root 
Na+ concentrations were similar, although Line 149 was significantly higher than the 
other genotypes at 50 and 100 mM NaCl (Table 2.2). Thus, the durum with the lowest 
Na+ in the shoot had the highest Na+ in the root, suggesting that there was some 
retention in the root compared to the other genotypes. The ratio of Na+ concentration in 
the shoot relative to that in the root, on a dry weight basis, was considerably lower in 
Line 149 than the other durum genotypes, but similar to Janz (Table 2.2). There was 
relatively little difference between 50 and 100 mM NaCl. The data were also calculated 
on a tissue water basis, in order to compare the concentration within the root with that in 
the external solution (Fig. 2.6). At 1 mM NaCl the root concentrations were surprisingly 
high, ranging from 6 mM (Janz) to 19 mM (Line 149). At 50 mM NaCl, most cultivars 
were less than the external concentration, being about 40 mM Na+, with Line 149 being 
the same as the external concentration. At 100 mM NaCl, all cultivars were lower than 
. the external concentration; most cultivars were about 50 mM Na+, again with Line 149 
being higher. 
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Figure 2.6: Effect of a range of salinity on Na+ calculated on tissue water basis in roots of three durum 
landraces (Line 149, 151 , 141), cultivar Wollaroi and Bread wheat Janz after 14 din treatment 
(Experiment 2). Values are means (n=4) ± se. 
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Table 2.2: Effect of three different salinity levels on the of Na+, K+ and er concentrations and FW:DW in 
the roots of three durum landraces (Lines 149, 151 and 141), durum cultivar Wollaroi and bread wheat 
Janz after 14 d in treatment in both Experiment 1 and 2. Values are means (n=4) ± se. 
Genotype NaCl Na+ K+ er FW:DW Na+ shoot 
Na+ root, 
(mM) (mmol g- 1 DW) (DW basis) 
(A) Experiment 1 
149 1 0.37 ± 0.08 1.20±0.19 0.31 ± 0.04 20.1 0.11 
50 1.01 ± 0.08 0.79 ± 0.05 0.95 ± 0.09 20.2 0.27 
100 1.17±0.08 0.75 ± 0.04 1.14±0.13 17.5 0.20 
150 1.49 ± 0.09 1.10±0.14 14.5 0.13 
151 1 0.29 ± 0.05 1.29 ± 0.35 0.24 ± 0.03 19.6 0.20 
50 0.72 ± 0.08 0.78 ± 0.09 0.58 ± 0.10 18.7 0.58 
100 0.81 ± 0.02 0.76 ± 0.03 0.81±0.17 16.0 0.52 
150 1.47 ± 0.04 0.81 ± 0.3 13.9 0.19 
141 1 0.20 ± 0.02 0.92 ± 0.12 0.16 ± 0.04 18.0 0.50 
50 0.60 ± 0.10 0.78 ± 0.13 0.49 ± 0.08 18.1 1.75 
100 0.75 ± 0.04 0.58 ± 0.02 0.37 ± 0.06 17.1 1.48 
' 150 0.84 ± 0.08 0.36 ± 0.02 14.9 1.30 
Wollaroi 1 0.13 ±0.01 0.67 ± 0.05 0.25 ± 0.04 18.3 0.85 
50 0.69 ± 0.06 0.86 ± 0.06 0.61 ±0.10 18.4 1.20 
100 0.78 ± 0.05 0.62 ± 0.02 0.57±0.11 17.3 1.01 
150 0.71 + 0.03 0.46 ± 0.06 13.9 0.87 
Janz 1 0.10 ± 0.01 0.74 ± 0.07 0.18 ± 0.04 18.0 0.10 
50 0.67 ± 0.07 0.76 ± 0.08 0.93 ± 0.14 17.1 0.15 
100 0.82 ± 0.04 0.54 ± 0.01 0.85 ± 0.25 15.8 0.24 
150 0.82 ± 0.03 0.49 ± 0.05 12.8 0.24 
(B) Experiment 2 
-
149 1 0.27± 0.02 1.83 ± 0.15 0.14 ± 0.01 20.6 0.17 
10 0.65 ± 0.02 1.59 ± 0.03 0.46 ± 0.02 22.7 0.18 
25 0.99 ± 0.04 1.43 ± 0.03 0.59 ± 0.08 21.3 0.20 
50 0.66 ± 0.04 0.97 ± 0.07 0.64 ± 0.02 17.1 0.43 
75 0.70 ± 0.05 0.87 ± 0.06 0.56 ± 0.02 18.0 0.40 
100 0.89 ± 0.05 1.08 ± 0.05 0.77 ± 0.02 20.4 0.39 
141 1 0.21 ± 0.01 2.06 ± 0.10 0.08 ± 0.01 19.8 0.42 
10 0.61 ± 0.02 1.77 ± 0.06 0.23 ± 0.01 23.3 0.69 
25 0.74 ± 0.03 1.36 ± 0.04 0.31 ± 0.01 21.0 1.07 
50 0.63 ± 0.02 1.10 ± 0.04 0.33 ± 0.01 14.3 1.47 
75 0.78 ± 0.07 1.04 ± 0.09 0.34 ± 0.01 16.6 1.19 
100 0.73 ± 0.03 0.84 ± 0.04 0.39 ± 0.01 13.8 1.16 
Janz 1 0.20 ± 0.03 2.46 ± 0.19 0.18 ± 0.01 24.9 0.05 
10 0.48 ± 0.03 1.94 ± 0.03 0.37 ± 0.01 24.2 0.12 
25 0.51 ± 0.05 1.36 ± 0.15 0.36 ± 0.02 19.7 0.19 
50 0.46 ± 0.06 0.95 ± 0.19 0.43 ± 0.10 14.7 0.26 
75 0.53 ± 0.02 0.95 ± 0.03 0.65 ± 0.10 18.6 0.37 
100 0.62 ± 0.02 0.91 ± 0.02 0.61 ± 0.02 13.8 0.33 
Root K+ concentrations varied little with genotype or salinity (Table 2.2). On a tissue 
water basis they fell from about 60 mM to 40 mM as the salinity increased from 1 to 
100 mM (mean of all genotypes). Root c1- concentrations were similar to Na+, and 
changed in a similar pattern to Na+ with increasing salinity (Table 2.2). On a tissue 
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water basis, at 1 mM NaCl they ranged from 7 mM to 16 mM, with Line 149 having the 
highest concentration and Line 141 the lowest. At 50 and 100 mM NaCl the 
concentrations were distinctly higher for Line 149 and Janz, and lowest for Line 141, 
the latter having only about 25 mM er in its roots when external concentrations were 
either 50 or 100 mM Na Cl. Wollaroi had about 35 mM er at the same salinities. 
In the second experiment, involving only three genotypes but a greater number of 
salinity treatments, root Na+ concentrations increased markedly between 1 and 10 mM 
NaCl, and then showed small increases with further increases in salinity (Fig. 2.6A). 
Root Na+ concentrations were similar for the three genotypes; however, Line 149 was 
20 to 30% higher than Janz at the lower salinities (10 - 50 mM NaCl). As in shoots, Na+ 
concentrations showed the greatest increase from 1 to 10 mM Na Cl. 
The data in are also shown in Fig. 2.7 are also presented on a tissue water basis, to show 
the relationship with the external solution. The root concentration was much higher than 
the external solution at 1 mM NaCl, ranging from 8 to 10 mM for the three genotypes, 
and was also considerably higher than the external solution at 10 mM NaCl (Fig. 2.7 A). 
At 50 mM Na Cl the internal concentrations fell below the external concentration, and 
there was little further increase at higher salinity levels. 
K+ concentrations showed the reverse of the pattern of Na+ concentrations, and fell most 
markedly between 1 and 10 mM NaCl, with little or no further change between 25 and 
50 mM NaCl and above (Fig. 2.7B). er concentrations were similar to Na+ 
concentrations, again being less than the external solution at 50 mM NaCl (Fig. 2.7C). 
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2.3.4 Total plant uptake rate 
The total plant ion uptake (J) was calculated for Na+ and er over the second week of 
Experiment 1 (7-14 d of treatment). The net Na+ uptake was similar in the two durum 
landrace with the lowest shoot Na+ concentrations (Lines 149 and 151) (Fig. 2.8A). Line 
141 had double the rate. Cultivar Wollario had a high uptake rate at 50 mM NaCl, 
which went down with increasing salinity levels (Fig. 2.8A). Janz stood out by showing 
the least Na+ uptake at all salinity levels. In comparison among all genotypes Line 141 
had the greatest net Na+ uptake rate at all salinity levels. 
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er uptake was similar for all genotypes, particularly at 100 and 150 mM NaCl (Fig. 
2.8B). At 50 mM NaCl, er uptake was lower for Lines 151 and 141, whereas in cultivar 
Wollaroi it showed insignificant effect from 50 to 150 mM NaCl (Fig. 2.8B). Bread 
wheat Janz had similar er uptake rate as Line 149 at all salinity levels. 
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Figure 2.8: Effect of a range of salinity on net ion uptake (J) by the whole plant of (A) Na+ and (B) er in 
three durum landraces (Line 49, 151 and 141), cultivar Wollaroi and bread wheat Janz between 7 and 14 
d of treatment (Experiment 1). 
34 
2.4 Discussion 
2.4.1 Na+, IC and er, accumulation 
In both experiments, regardless of the external NaCl concentrations, the shoot Na+ 
concentration was lower in the durum landraces Lines 149 and 151 compared to the 
durum cultivar Wollaroi, and was consistently very high in the landrace Line 141. The 
shoot Na+ concentration was particularly low in Line 149, comparable to the level in the 
bread wheat cultivar Janz. The low Na+ concentration was coupled with the 
maintenance of a high K+ concentration, so that lines with low Na+ also had a very high 
K+ IN a+ ratio. The lack of substantial variation in shoot er concentration was expected, 
as previous reports have shown no differences in er concentration between or within a 
number of different tetraploid and hexaploid genotypes (Gorham 1990; Gorham et al . . 
1990). er uptake appeared to be independent of K+ and Na+ uptake and increased to a 
similar degree in all genotypes. 
2.4.2 Rates of uptake, transport, and implications of growth rate and shoot.Toot 
The possible effect of genotypic differences in shoot:root ratio or growth rate on ion 
accumulation was considered. Davenport et al. (1997) have suggested that variation 
between species in Na+ accumulation in the shoot could be attributed to variation in 
shoot:root. In our study, there were no significant differences in shoot:root between 
genotypes. 
Although there were differences in biomass in the different genotypes at the end of the 
experimental period, these differences were due to initial plant size (i.e. the final size or 
rates of emergence of the first leaf) and not to differences in the relative growth rate of 
the shoot. Biomass at the start of the salt treatment would not affect ion accumulation 
rate, however, differences in ion accumulation could be influenced by intrinsic 
differences in relative growth rate (Greenway and Thomas 1965). In this study, there 
were no genotypic differences in relative growth rate, either in control or in saline 
conditions, and therefore variation in rates of shoot Na+ accumulation between 
genotypes reflected genetic differences in the ability of roots to reduce Na+ uptake from 
the external solution, and to reduce Na+ transport to shoots. The calculated rates of Na+ 
transport from root to shoot of the low Na+ landraces were much lower than that of 
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Wollaroi, showing that the low Na+ concentration in the leaves was due to the ability of 
the roots to restrict transport of Na+. 
Salinity reduced the relative growth rate of all genotypes similarly, which could cause 
higher accumulation of Na+ in shoots with no increase in rates of transport from roots. It 
was therefore surprising that the Na+ concentration in the shoot did not increase once 
the external salinity reached 50 mM NaCl, indicating that rates of transport were 
reduced at higher external salinity. In contrast, er transport rates increased with 
increasing salinity. Salt ion concentrations in roots did not increase once the external 
salinity reached 50 mM NaCl, indicating an efficient control of net uptake and 
compartmentation of both Na+ and er, even in the genotypes with higher Na+ uptake 
rates. 
The ratio of Na+ concentration in roots compared to shoots was higher in the genotypes 
with lower shoot accumulation (Table 2.2), indicating these lines had a greater ability to 
retain Na+ in the roots. To understand whether the genotypic differences in Na+ 
accumulation in shoots were primarily due to partitioning of Na+ between roots and 
shoots, or to total uptake into the plant, net uptake and transport rates were calculated. 
Control of net uptake from the external solution was the major difference between 
genotypes, with Line 141 having 2.5 times greater net uptake than Line 149, and 
Wollaroi having 1.9 times greater net uptake (Fig. 2.8). However there were also 
differences in the partitioning between roots and shoots, with Lines 149, 151 and Janz 
having a greater ability to retain the Na+ taken up in the roots than Line 141 and 
Wollaroi (Fig. 2.4). The differences in transport rate between genotypes might be due to 
differences in control of loading of the xylem .. 
2.4.3 IC/Na+ ratio and the Knal locus 
The low shoot Na+ concentration and high K+ IN a+ discrimination of the low Na+ durum 
landraces, especially Line 149, was similar to Janz. A locus is present on the D genome 
that confers high K+INa+ discrimination in hexaploid wheat (Gorham et al. 1987). The 
high K+INa+ of the low Na+ durum landraces indicates that they may have a locus on the 
A or B genome that is homoeologous to the Knal locus on the D genome of hexaploid 
wheat. Alternatively, there may be more than one mechanism controlling this trait. The 
K+ IN a+ in the landrace Line 149 was similar to that in the bread wheat at the two higher 
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salinities of 100 and 150 mM NaCl, but much lower at 1 and 50 mM NaCl, indicating a 
more efficient mechanism controlling K+ IN a+ discrimination in Janz at these lower 
salinity levels. The data of Dvorak et al. ( 1994) for salt tolerance in recombinant 
tetraploid lines with and without the Knal locus suggests that the K+ IN a+ discrimination 
trait may be more important at intermediate than high salinities, which is consistent with 
the data shown here. 
2.4.4 Osmotic implications 
The low Na+ accumulation, together with lower er, might indicate that salt exclusion 
carries a penalty in terms of water relations. Although low Na+ levels were offset by 
higher K+ levels, the sum of Na+ and K+ was still lower in Line 149 and Janz than in the 
high Na+ genotypes at the highest salinities (Table 2.1). The effect of salinity on the 
water relations of these four genotypes was examined in a separate study by Rivelli et 
al. (2002), where the low Na+ genotypes had as high an leaf sap osmotic pressure as 
high Na+ genotypes, due to the maintenance of higher K+ levels and the accumulation of 
organic solutes. 
However, it is possible that under conditions of K+ deficiency the accumulation of K+ 
may not compensate for the low Na+ uptake in the low Na+ genotypes in terms of 
osmotic adjustment. A separate experiment was undertaken to examine this. The 
experiment is not described in detail in this thesis, but a summary of the results were 
published as part of an invited review paper by Munns et al. (2002). The experiment 
compared four genotypes with contrasting rates of Na+ accumulation: Line 149, Line 
141, Wollaroi and Janz. Plants were grown for two weeks in three salinity levels ( 1, 100 
and 150 mM Na Cl) with two K+ levels, one representing an enriched soil (3 .3 mM - the 
same as half-strength Hoagland' s nutrient solution), the other representing a low K+ soil 
(0.5 mM). Results showed that the low K+ supply reduced the uptake of K+ in all 
genotypes, and increased the Na+ uptake to differing degrees depending on the salinity 
leveland the genotype (data not shown). At 150 mM NaCl, the increased uptake of Na+ 
+ + + entirely compensated for the decreased K uptake, so that the sum of K and Na was 
not significantly affected by the low K+ supply in any genotype (Table 2.3). At 100 mM 
Na Cl, the decreased K+ uptake was not balanced by the increased Na+ uptake in two of 
the four genotypes, so there was a small but significant decrease in the sum of (K+ + 
Na+). Only one of these was a low Na+ genotype (Line 149). Only at 1 mM NaCl was 
the sum of (K+ + Na+) significantly reduced, as the decrease in K+ uptake was greater 
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than the increase in Na+ uptake (Table 2.3). This occurred in all genotypes. 
Consequently, there was no relationship between genotypic differences in Na+ uptake 
and the maintenance of high (K+ + Na+) levels. The growth rate was not affected by the 
low K+ treatment, at any of the three salinity levels over this experimental period of two 
weeks. 
Table 2.3: Effect of low K+ supply (0.5 mM versus 3.3 mM K+ in the external solution) on the sum of 
(K+ + Na+) concentration in the whole shoot of wheat genotypes with low Na+ uptake rates (Line 149 and 
Janz) and high Na+ uptake rates (Wollaroi and Line 141). Plants were grown for two weeks at three 
salinities: 1, 100 and 150 mM NaCl with supplemental Ca2+ (total of 2, 7 and 10 mM Ca2+ respectively). 
Asterisks denote significant differences between means at the P=0.05 level. Data published in Munns et 
al. 2002. 
Salinity: 
External K+ (mM): 
Line 149 
Janz 
Wollaroi 
Line 141 
K+ + Na+ (mrnol g-1 DW) 
1 mM NaCl 
3.3 0.5 
1.21 
1.26 
1.24 
1.22 
1.00 * 
0.96 * 
1.01 * 
0.97 * 
100 mM NaCl 
3.3 0.5 
1.32 
1.42 
1.70 
1.80 
1.28 
1.21 * 
1.54 * 
1.67 
150 mMNaCl 
3.3 0.5 
1.52 
1.52 
1.85 
1.77 
1.47 
1.48 
1.70 
1.69 
The experiment therefore showed that there were no effects of K+ supply on the 
accumulation of Na+ or sum of (K+ + Na+) in either the shoot (Table 2.3) or the root 
( data not shown) that would restrict the performance of the low Na+ genotypes in saline 
soil. er accumulation was not affected by the low K+ supply ( data not shown). 
2.4.5 Salinity and growth 
Since these experiments were conducted for only 14 dafter the salt treatment reached its 
maximum level, salt-specific effects on growth could not be assessed. The initial growth 
reduction from salinity was due to the osmotic effects of the salt (Munns 1993; Munns 
et al. 1995) and was similar for all genotypes measured here. If the experiments had 
continued for a longer period of time, genotypic differences in growth may have 
become evident, as leaf death was observed in older leaves of Wollaroi and Line 141 
when terminating the experiments. If the rate of leaf death becomes greater than the rate 
at which new leaves emerge, the plants may enter a phase of reduced carbon balance, 
leading to reduced supply of assimilate to growing leaves and reduced growth rates 
(Munns et aL 1995). To assess salt-specific effects on growth a long-term experiment 
was designed ( see Chapter 5). 
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In conclusion, the low Na+ accumulating landraces examined in this study, particularly 
Line 149, showed low Na+ uptake and high K+/Na+ selectivity ratio over a wide range of 
salinities when compared with a high Na+ durum landrace and a commercial durum 
cultivar. During the course of the study, however, a potential problem associated with 
the Na+ exclusion trait in the durum landraces was revealed. Landraces with good Na+ 
exclusion displayed symptoms of Ca2+ deficiency, even when Ca2+ supply would 
normally have been considered sufficient. The following chapter examines the 
dependence of the Na+ exclusion trait on Ca2+ supply, and compares the performance of 
the genotypes over a range of external Ca2+ concentrations. 
CHAPTER 3 ROLE OF CALCIUM IN CONTROL OF SODIUM UPTAKE IN 
DURUM WHEAT 
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Abstract The possible effect of low Ca2+ levels, that could occur in sodic soils, was 
tested on genotypes with low or high rates of Na+ uptake over a range of salinity levels. 
The low Na+ uptake genotypes were found to be particularly susceptible to Ca2+ 
deficiency when grown at low (0.5 to 2 mM) Ca2+ levels, and were even affected at 10 
mM Ca2+. High external level (15 mM Ca2+) prevented symptoms of Ca2+ deficiency. 
Increasing the Ca2+ supply from 0.5 to 2 mM increased growth rate, increased K+ 
accumulation and decreased the accumulation of Na+ and er in shoots. There was a 
large effect of Ca2+ on K+/Na+ selectivity. Increasing it further, from 2 to 10 mM Ca2+, · 
had a smaller effect on growth of shoots, but a large effect on roots. High external Ca2+ 
caused lower Na+ accumulation and higher K+/Na+ selectivity in leaves, but not in roots. 
The most important finding was that the durum landrace with low Na+ uptake 
maintained this low Na+ uptake, even at very low external Ca2+. 
3.1 Introduction 
About 30% of Australian agricultural land is sodic (Rengasamy 2002). When more than 
·6% of the negative charges on the clay particles are balanced by Na+, the soil is 
classified as sodic. The soils are then deficient in Ca2+, making them prone to disperse, 
and they do not release sufficient Ca2+ for optimal plant uptake. Swelling and dispersion 
of sodic soils reduces their permeability to water, and they readily become waterlogged. 
Root growth is restricted because sodic soils are either too wet (immediately after rain 
or irrigation), or too hard (as the soil dries out). Sodic soils can be reclaimed by gypsum 
application, or in the case of acid sodic soils, by gypsum plus lime. Ca2+ ions in the 
gypsum or lime displace Na+ ions which are subsequently leached out of the profile. 
Further, it is likely that underlying these sodic soils are subsoils that are saline 
(Rengasamy 2002). These soils may have low Ca2+ concentrations coupled with high 
Na Cl concentrations contributing to the salinity of the subsoil, which then is also 
deficient in Ca2+ (Rengasamy 2002). 
Ca2+ deficiency is a nutritional imbalance that can arise in both sodic and saline soils, 
and in experiments run in nutrient solution to which Na Cl but not supplemental Ca2+ is 
added. A soil Ca2+ concentration which is adequate for plant growth in non saline 
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conditions becomes inadequate when Na+/Ca2+ ratio increases (Bernstein 1975). The 
cause of the Ca2+ deficiency in plants is that high concentrations of NaCl or other 
soluble salts decrease the activity of Ca2+ ions in the soil solution, and so decrease the 
amount of Ca2+ available to the plant for uptake (Cramer and Latichli, 1986; Cramer et 
al. 1986). Ca2+ deficiency symptoms are visible on young and growing leaves where the 
leaves are rolled and bleached. Ca2+ deficiency symptoms as found in rice (Muhammed 
et al. 1987) showed that the young emerging leaves were rolled and their tip dried down 
and fell after a while. 
Uptake of other ions is also affected by low soil Ca2+ activity. The low Ca2+ activity 
induced by high NaCl not only affects the uptake of Ca2+, but of Na+ itself (LaHaye and 
Epstein 1971; Davenport et al. 1997; Reid and Smith 2000). A Ca2+ activity of 2-3 mM 
is necessary to control Na+ uptake (Davenport et al. 1997; Reid and Smith 2000). 
This study examined the possible effects of low Ca2+ levels found in sodic soils (1 mM 
or less) on the Na+ excluding ability of durum landraces. Accumulation of Na+, K+ and 
Crin shoots and roots was measured in plants grown at (1-150 mM) NaCl for 2 weeks. 
The focus was on the durum landrace with low Na+ uptake (Line 149) studied in the 
previous chapter, as possible Ca2+ deficiency symptoms had been observed. 
Comparisons were made with Line 141, the durum landrace with very high Na+ 
accumulation, and with the durum cultivar Wollaroi, and bread wheat Janz, to provide a 
wide physiological range. 
3.2 Methods and Materials 
3.2.1 Germplasm and Experimental design 
Experiment 1 used three genotypes (the durum landraces Lines 149 and 141, and the 
durum cultivar Wollaroi) with three salt treatments (1 mM, 100 mM and 150 mM) and 
three calcium treatments (0.5 mM, 2.0 mM and 10 mM Ca2+ CaCh). The deficient Ca2+ 
treatment (0.5 mM Ca2+) was prepared by modifying l/2 strength Hoagland' s solution, 
which normally contained 2 mM Ca2+ (see chapter 2 section 2.2.3), so that it contained 
only 0.5 mM Ca2+, and had 1.5 mM less calcium nitrate than normal. 
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Experiment 2 used five genotypes; the durum landraces Lines 149, 151 and 141, the 
durum cultivar Wollaroi and the bread wheat cultivar Janz with three salt treatments (1 
mM, 100 rnM and 150 mM) and two calcium treatments (10 rnM and 15 mM Ca2+ 
CaCh). Data for Line 151 is not presented in all figures and tables. 
3.2.2 Growth conditions 
Plants were grown in pots filled with sand and perlite (3: 1) as described in the previous 
chapter. Seedlings were placed in a growth cabinet with a light period of 9 h with a 
photosynthetically active radiation (PAR) of 4.5 MJ m-2 d-1 and temperatures of 23°C 
during the day and 20°c during the night. Plants were irrigated with 200 ml of 1A 
strength Hoagland' s nutrient solution for three days and the concentration gradually 
increased to 1/2 strength (Termaat and Munns 1986). Salt treatments (1, 100 and 150 mM 
NaCl) along with a range of Ca2+ (0.5, 2, 10 or 15 rnM) were started just after the 
emergence of the second leaf or approximately 7 d after the seedlings were transplanted 
in the pots. Salt treatments were introduced gradually by increasing the salt 
concentration each day by 25 rnM until it reached the desired salinity levels. Four 
replicates were used for each harvest for each genotype in all experiments. Plants were 
harvested 14 days after the highest salinity was reached. Fresh weight and dry weight 
(after 70°C for 48 h) of roots and shoots were measured. Na+, er, K+ and Ca2+ were 
estimated by X-ray fluorescence spectrometry (Norrish and Hutton 1977) with a Philips 
1404 sequential X-ray fluorescence spectrometer. Roots were washed using 10 mM 
calcium nitrate solution. Na+ and K+ in roots were analyzed by atomic absorption 
spectrometry on a Varian Spectra AA-300, and er was measured with an Orion halide 
electrode model 96-17 (combination chloride). 
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3.3 Results 
3.3.1 Effect of deficient and supplemental Ca2+ on genotypes with low and high rates of 
Na+ uptake (Experiment 1) 
Growth 
At 1 mM NaCl, increasing the Ca2+ level from 0.5 to 10 mM did not affect root growth, 
but it increased shoot growth in all genotypes, so there was a significant increase in the 
shoot:root ratio (Table 3.1). The responses to Ca2+ in the 100 and 150 mM NaCl 
treatments were quite different from that in 1 mM NaCl, and varied both with NaCl and 
with genotype. 
At 100 mM Na Cl, increasing Ca2+ increased shoot growth in Line 141, the high Na+ 
landrace, but did not affect root growth (Table 3.1). Wollaroi showed no response to 
Ca2+ in either shoot or root growth. However, Line 149, the low Na+ landrace, showed a 
marked increase in root growth but not in shoot growth, so the shoot:root ratio 
decreased markedly as the Ca2+ supply increased. The other low Na+ landrace, Line 151, 
whose data is not shown in Table 3.1, behaved the same as Line 149. 
At 150 mM NaCl, all genotypes responded similarly to Ca2+ - both shoot and root 
growth increased with increased Ca2+ (Table 3.1). The resultant shoot:root ratio was 
highest at the intermediate Ca2+ treatment, 2 mM (Table 3.1). 
Ca2+ deficiency was observed in the most recently expanding leaf of the low Na+ Line 
149. The symptoms were apparent on the uppermost part of the leaf section, up to 5 cm 
from the tip. This section, did not unroll after emergence but stayed needle-like and died 
within a week (see Pie. 3.1). Obvious symptoms of Ca2+ deficiency were noted in Lines 
149 at 150 mM NaCl, even when the Ca2+ was 10 mM, which most people consider 
adequate, being within the recommended ratio of Na+:Ca2+ of 15: 1 (Cramer 2002). 
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Table 3.1: Effect of external Ca2+ and NaCl on shoot and root dry matter (means± s.e, n=4) in low Na+ 
uptake (Line 149) and high Na+ uptake (Line 141) durum wheat and cultivar Wollaroi, grown at three 
salinity levels (1, 100 and 150 mM NaCl) for 2 weeks (Experiment 1). Also shown are the shoot:root 
ratio and the effects of low Ca2+ on shoot and root dry weight, in relation to the weight in the 10 mM Ca2+ 
treatment. 
Genotypes NaCl Ca+ Shoot Effects Shoot:Root Root Effects 
of Ca2+ of Ca2+ 
on shoot on root 
(mM) (mM) (gDW) (%) (g g-1) (gDW) (%) 
Low Na+ 1 0.5 0.39 ± 0.04 75 1.3 ± 0.1 0.30 ± 0.03 100 
(Line 149) 10 0.51 ± 0.03 100 1.7 ± 0.1 0.30 ± 0.03 100 
100 0.5 0.33 ± 0.01 104 1.7 ± 0.1 0.19 ± 0.01 56 
2.0 0.35 ± 0.04 112 1.6 ± 0.2 0.23 ± 0.05 68 
10 0.31 ± 0.02 100 0.9 ± 0.1 0.34 ± 0.04 100 
150 0.5 0.19 ± 0.03 62 1.9 ± 0.2 0.10 ± 0.01 53 
2.0 0.26 ± 0.01 87 2.6 ± 0.2 0.10 ± 0.01 53 
10 0.30 ± 0.02 100 1.6 + 0.1 0.19 + 0.01 100 
High Na+ 1 0.5 0.47 ± 0.01 79 1.2 ± 0.1 0.38 ± 0.02 100 
(Line 141) 10 0.59 ± 0.05 100 1.6 ± 0.1 0.38 ± 0.04 100 
100 0.5 0.39 ± 0.02 83 1.4±0.1 0.28 ± 0.00 104 
2.0 0.43 ± 0.04 93 1.7 ± 0.1 0.26 + 0.01 96 
10 0.47 ± 0.01 100 1.7 ± 0.1 0.27 ± 0.02 100 
150 0.5 0.31 ± 0.01 70 2.0 ± 0.1 0.15 ± 0.01 71 
2.0 0.38 ± 0.03 88 2.4±0.1 0.16 + 0.01 76 
10 0.44 ± 0.02 100 2.0 ± 0.1 0.21 ± 0.01 100 
Wollaroi 1 0.5 0.29 ± 0.07 72 1.4±0.3 0.24 ± 0.08 104 
10 0.40 ± 0.04 100 1.8 ± 0.1 0.23 ± 0.04 100 
100 0.5 0.26 ± 0.07 88 1.7 ± 0.1 0.15 ± 0.04 88 
2.0 0.33 ± 0.03 113 2.3 ±0.2 0.15 ± 0.02 88 
10 0.29 ± 0.02 100 1.8 ± 0.1 0.17 ± 0.02 100 
150 0.5 0.21 ± 0.02 65 2.4 ± 0.2 0.09 ± 0.01 60 
2.0 · 0.28 ± 0.02 85 3.1 ±0.1 0.09 ± 0.01 60 
10 0.33 ± 0.03 100 2.2 ± 0.1 0.15 ± 0.02 100 
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(A) 
(B) 
Picture3 .l: Effect of (A) 0.5 mM Ca2+ and (B) 10 mM Ca2+ on the growth of three genotypes: Line 149 
(low Na+ uptake), Line 141 (high Na+ uptake) and durum cultivar Wollaroi, after 14 din 150 mM NaCl. 
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Shoot ion accumulation 
Increase in external Ca2+ concentration increased the Ca2+ in shoots for all the genotypes 
(Fig. 3.1). With deficient (0.5 mM) or standard Ca2+ (2.0 mM) applications, Ca2+ 
concentration in the shoot was greatly reduced by 100 mM NaCl, with relatively little 
further reduction at 150 mM NaCl (Fig. 3.1). With supplemental (10 mM) Ca2+ 
application, the Ca2+ concentration in the shoot was maintained as the salinity increased 
in low Na+ uptake Line 149, although in high Na+ uptake Line 141 and Wollaroi there 
was a statistically significant reduction in Ca2+ between 1 and 100 mM NaCl (Fig. 3.1). 
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Figure 3.1: Effects of Ca2+ supply (0.5, 2 and 10 rnM Ca2+) on Ca2+ accumulation in shoots of Line 149 
(low Na+ uptake), Line 141 (high Na+ uptake) and the cultivar Wollaroi (intermediate Na+ uptake). Plants 
were grown at three salinity levels (1, 100 and 150 rnM NaCl) for 2 weeks. Bars show mean (n=4) ± se. 
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The effect of external Ca2+ on Na+ accumulation in shoots is shown in Fig 3.2. There 
was no effect of Ca2+ on Na+ accumulation at 1 mM Na Cl, except in Wollaroi where it 
decreased by half. In plants at 100 mM NaCl, there was no effect when Ca2+ was 
increased from 0.5 to 2 mM, and a small but significant reduction when Ca2+ was 
increased to 10 mM (Fig. 3.2). At 150 mM NaCl, however, increasing Ca2+ caused 
significant reductions in Na+ in all genotypes (Fig. 3.2). The supplemental Ca2+ 
concentration (10 mM) had the greatest proportional effect on the Na+ concentration of 
' 
the low Na+ durum landraces (Line 149 in Fig. 3.2). At 150 mM NaCl, the shoot Na+ 
concentration was reduced by about 30% in comparison to that at 2 mM Ca2+. The 
absolute reduction in Na+ as the Ca2+ was raised from 2 to 10 mM was 0.18, 0.21 and 
0.18 mmol Na+ g-1 DW for Line 149, 141 and Wollaroi respectively. 
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Figure 3.2: Effects ofCa2+ supply (0.5, 2 and 10 mM Ca2+) on Na+ accumulation in shoots of Line 149 
(low Na+ uptake), Line 141 (high Na+ uptake) and the cultivar Wollaroi (intermediate Na+ uptake). Plants 
\ ere grown at three salinity levels (1, 100 and 150 mM NaCl) for 2 weeks. Bars show mean (n=4) ± se. 
47 
The K+ concentration at 1 mM NaCl was not affected by Ca2+ supply (Fig. 3.3). At 100 
mM NaCl there was a small increase with increasing Ca2+, but at 150 mM NaCl there 
was a significant increase with 10 mM Ca2+ (Fig. 3.3). Similar patterns of K+ were 
observed for all genotypes. 
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Figure 3.3: Effects of Ca2+ supply (0.5, 2 and 10 mM Ca2+) on K+ accumulation in shoots of Line 149 
(low Na+ uptake), Line 141 (high Na+ uptake) and the cultivar Wollaroi (intermediate Na+ uptake). Plants 
were grown at three salinity levels (1, 100 and 150 mM NaCl) for 2 weeks. Bars show mean (n=4) ± se. 
er concentration was less affected by Ca2+ than was Na+ (data not shown). At 100 mM 
NaCl there was no effect of Ca2+ supply on er concentration, but at 150 mM NaCl the 
Cr was significantly reduced from 0.69 to 0.58 mmol g-1 DW as Ca2+ increased from 
0.5 to 2 mM, and there was a further (although not statistically significant) effect at 10 
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mM Ca2+ when it dropped to 0.55 mmol g-1 DW. There was no genotypic difference in 
response to Ca2+ supply (data not shown). 
The effect of Ca2+ on the K+/Na+ selectivity ratio was calculated. This is the ratio of 
K+/Na+ in the shoot compared to the K+/Na+ in the external solution (Pitman 1976). 
Ca2+ had a much greater effect on the selectivity of K+ over Na+ at 150 mM NaCl than 
at 100 mM (Table 3.2). It had a greater effect when the Ca2+ was increased from 2 to 10 
mM than from 0.5 to 2 mM (Table 3.3). At 100 mM NaCl all genotypes showed an 
increase in K+/Na+ selectivity of about 50% when Ca2+ was increased from 0.5 to 10 
mM, and at 150 mM NaCl, they all showed a three-fold increase (Table 3.2). 
Table 3.2: Effect of external Ca2+ and NaCl on K+/Na+ selectivity ratio (ratio of K+/Na+ in shoot divided 
by that in the external solution) in low Na+ uptake (Line 149) and high Na+ uptake (Line 141) durum 
wheat and cultivar Wollaroi, grown at three salinity levels (1, 100 and 150 mM NaCl) for 2 weeks 
(Experiment 1). 
NaCl treatments 
Ca2+ (mM) 
Genotypes 
Line 149 
Line 141 
Wollaroi 
lmM 
0.5 10 
10 10 
5 5 
3 6 
lOOmM 150mM 
0.5 2.0 10 0.5 2.0 10 
95 110 156 64 71 184 
17 19 25 10 15 30 
24 28 34 18 27 52 
In summary, these data show that the ability of the low Na+ durum landrace, Line 149, 
to maintain low shoot Na+ concentrations, and a high K+/Na+ selectivity, was still better 
than Wollaroi at the low Ca2+ and high NaCl levels likely to occur in saline and sodic 
soils. 
Root ion concentrations 
The effect of Ca2+ level on ion accumulation in roots for three genotypes with 
contrasting rates of shoot Na+ accumulation is shown in Table 3.3. 
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Table 3.3: Effect of external Ca2+ and NaCl on root ion concentration (means n=4 ± se) in low Na+ uptake 
(Line 149) and high Na+ uptake (Line 141) durum landrace and cultivar Wollaroi, grown at two salinity 
levels (1, and 100 NaCl) for 2 weeks (Experiment 1). 150rnM NaCl not available for reasons described in 
the previous chapter. 
Genotype NaCl 
(rnM) 
Line 149 1 
100 
Line 141 1 
100 
Wollaroi 1 
100 
Ca+ 
(rnM) 
0.5 
10 
0.5 
2 
10 
0.5 
10 
0.5 
2 
10 
0.5 
10 
0.5 
2 
10 
Na+ 
(mmol g- 1 DW) 
0.16 ± 0.02 
0.21 ± 0.02 
0.72 ± 0.03 
0.82 ± 0.05 
0.76 ± 0.05 
0.12 ± 0.01 
0.10 ± 0.01 
0.54 ± 0.02 
0.75 ± 0.06 
0.67 ± 0.05 
0.19 ± 0.02 
0.14 ± 0.02 
0.66 ± 0.10 
0.75 ± 0.09 
0.67 ± 0.03 
K+ 
(mmol g- 1 DW) 
0.74 ± 0.03 
0.71 ± 0.03 
0.37 ± 0.02 
0.38 ± 0.03 
0.51 ± 0.03 
0.71 ± 0.05 
0.64 ± 0.04 
0.32 ± 0.01 
0.44 ± 0.05 
0.55 ± 0.04 
0.93 ± 0.09 
0.78 ± 0.08 
0.47 ± 0.05 
0.59 ± 0.08 
0.65 ± 0.09 
er 
(mmol g- 1 DW) 
0.25 ± 0.02 
0.18 ± 0.01 
0.81 ± 0.03 
0.92 ± 0.07 
0.97 ± 0.07 
0.13 ± 0.00 
0.09 ± 0.01 
0.58 ± 0.03 
0.86 ± 0.05 
0.78 ± 0.07 
0.25 ± 0.03 
0.18 ± 0.03 
0.67 ± 0.08 
0.98 ± 0.07 
0.85 ± 0.05 
Na+ concentration in roots showed little response to Ca2+ (Table 3.3). At 1 rnM NaCl, 
the Na+ concentration increased in Line 149 but stayed the same or decreased in the 
other two genotypes. At 100 rnM NaCl, Na+ increased in Lines 149 and 141 as the Ca2+ 
increased from 0.5 to 2 rnM, and then decreased with higher Ca2+ supply, but these 
differences were small. K+ concentration in roots showed no response to Ca2+ at 1 rnM 
(Table 3.3). At 100 rnM NaCl, however, there was large increased uptake of K+ in all 
genotypes as the Ca2+ increased from 0.5 to 10 rnM Ca2+. 
er showed a different pattern from both Na+ and K+. At 1 rnM NaCl, the concentration 
decreased as the Ca2+ increased from 0.5 to 10 mM, but increased in the 100 mM NaCl 
treatment (Table 3.3). 
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3.3.2 Effect of excessive Ca2+ (Experiment 2) 
A further experiment was conducted with an even higher external concentration of Ca2+, 
15 mM, termed 'excessive' as this is much higher than would commonly occur in soils. 
The aim was to see if this would overcome the symptoms of Ca2+ deficiency in the low 
Na+ durum landraces. The most important finding of this experiment was that 15 mM 
Ca2+ prevented symptoms of Ca2+ deficiency in Line 149. 
Increasing the Ca2+ from 10 to 15 mM had no significant effect on growth of any 
genotype at either 100 or 150 mM NaCl (data not shown). Increasing the Ca2+ supply 
from 10 to 15 mM did not have any significant effect on shoot Ca2+ concentration at 
either 100 mM or 150 mM NaCl treatment in any genotypes (data not presented). The 
effects on shoot Na+, K+ and er accumulation were small compared to the previous 
experiment. 
The effect of high external Ca2+ ( 10 and 15 mM) on Na+ accumulation is shown in 
Table 3.4. Supplemental Ca2+ reduced Na+ concentrations in all genotypes in both the 
100 and 150 mM NaCl treatment. There was no significant effect of Ca2+ on K+ 
accumulation. Because of the effect on Na+, the ratio of K+ IN a+ in the shoots was 
significantly affected in some cases (data not shown). In Line 149, the K+/Na+ ratio 
increased from 2.45 + 0.41 to 3.27 + 0.20 mmol g- 1 DW at 100 mM NaCl, and from 
1.72 + 0.26 to 2.36 + 0.06 at 150 mM NaCl. In Wollaroi, it increased from 0.56 + 0.17 
to 0.96 + 0.06 at 150 mM NaCl. No statistically significant increases occurred in the 
other genotypes. 
The selectivity ratio of K+/Na+ is shown in Table 3.4. The selectivity ratio was increased 
by increasing Ca2+ in both the low Na+ genotypes, Line 149 and Janz. There were little 
or no effects on the high Na+ genotypes. 
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Table 3.4: Effect of external Ca2+ and NaCl on shoot ion concentrations (means± s.e, n=4) in low Na+ 
uptake (Line 149) and high Na+ uptake (Line 141) durum wheat, durum cultivar Wollaroi, and bread 
wheat cultivar Janz, grown at three salinity levels (1, 100 and 150 rnM NaCl) for 2 weeks (Experiment 2). 
Genotypes NaCl 
(rnM) 
Line 149 1 
Line 141 
Wollaroi 
Janz 
100 
150 
1 
100 
150 
1 
100 
150 
1 
100 
150 
Ca+ 
(rnM) 
10 
10 
15 
10 
15 
10 
10 
15 
10 
15 
10 
10 
15 
10 
15 
10 
10 
15 
10 
15 
Na+ K+ 
(mmol g-1 DW) 
0.06 ± 0.01 
0.32 ± 0.05 
0.23 ± 0.01 
0.59 ± 0.09 
0.42 ± 0.01 
0.09 ± 0.01 
0.78 ± 0.01 
0.69 ± 0.03 
1.08 ± 0.13 
1.30 ± 0.06 
0.11 ± 0.01 
0.56 ± 0.30 
0.50 ± 0.01 
1.37 ± 0.20 
0.89 ± 0.06 
0.05 ± 0.02 
0.23 ± 0.04 
0.19 ± 0.02 
0.61 ± 0.5 
0.46 ± 0.04 
1.5 ± 0.03 
0.74 ± 0.03 
0.73 ± 0.01 
0.94 ± 0.03 
0.99 ± 0.03 
1.35 ± 0.01 
0.43 ± 0.02 
0.44 ± 0.02 
0.69 ± 0.01 
0.63 ± 0.02 
1.40 ± 0.01 
0.65 ± 0.02 
0.63 ± 0.02 
0.74 ± 0.05 
0.84 ± 0.01 
1.45 ± 0.06 
0.93 ± 0.05 
0.89 ± 0.04 
1.06 ± 0.06 
0.96 ± 0.2 
K+/Na+ 
selectivity 
80 
75 
100 
79 
109 
5 
17 
20 
30 
23 
4 
36 
39 
26 
44 
14 
137 
145 
82 
104 
er 
(mmol t 1DW) 
0.23 ± 0.01 
0.62 ± 0.08 
0.52 ± 0.02 
0.71 ± 0.03 
0.98 ± 0.05 
0.22 ± 0.03 
0.44 ± 0.01 
0.53 ± 0.03 
0.89 ± 0.05 
1.10 ± 0.09 
0.25 ± 0.02 
0.57 ± 0.04 
0.60 ± 0.02 
0.99 ± 0.16 
1.24 ± 0.08 
0.31 ± 0.02 
0.58 ± 0.04 
0.57 ± 0.04 
0.81 ± 0.03 
0.99 ± 0.05 
Shoot er concentration showed a very different pattern of response to Ca2+ than did Na+ 
(Table 3.4). At 100 rnM NaCl, er concentrations were unaffected by Ca2+ in three of 
the four genotypes, but increased in Line 141. At 150 mM NaCl, er concentrations 
increased significantly in all genotypes. 
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3.3.3 Root ion concentrations 
Root ion concentration showed little response to Ca2+. Increases in Ca2+ from 10 mM to 
15 mM had a small but usually negligible reduction in accumulation of Na+, K+ and er 
(data not shown). 
3.4 Discussion 
Salinity usually reduces the uptake of Ca2+ by plants, possibly by displacing it from the 
cell membrane (Cramer et al. 1987; Lynch and Lauchli 1988). The reduced Ca2+ uptake 
could be due to changes in cation channel discrimination, changes in electrostatic 
interactions of Na+ and Ca2+ in the cell wall or cell membranes, and inhibition of Ca2+ 
uptake and xylem transport l;?y Na+ (Kinraide 1998; Reid and Smith 2000). 
3.4.1 Ca2+ deficiency 
An unexpected finding of this study was that the low Na+ durum landraces showed 
severe Ca2+ deficiency symptoms, especially at the higher salinity levels. The cause of 
the particular Ca2+ deficiency in the low Na+ durum landrace is not known. Usually 10 
mM Ca2+ is considered sufficient to supplement 150 mM NaCl, and increases the 
activity of Ca2+ in the external solution which is sufficient for plant growth. In this case 
however, a concentration of 10 mM Ca2+ was unable to overcome the Ca2+ deficiency 
problems in the low Na+ uptake durum landrace, even though Na+ accumulation was 
reduced similarly to the other genotypes by the additional Ca2+. When 15 mM Ca2+ was 
used, it overcame the Ca2+ deficiency symptoms completely. 
3.4.2 Ion uptake and growth 
Low Ca2+ supply usually increases the uptake of Na+ and decreases the K+/Na+ 
selectivity (Zhong and Lauchli 1993a,b). Under saline conditions, supplemental Ca2+ 
can maintain K+ transport and K+/Na+ selectivity at the plasma membrane (Colmer et al. 
1994, 1996; Martinez and Lauchli, 1993). 
Low Ca2+ supply can also inhibit growth, both under saline and non-saline conditions. 
An interaction between Ca2+ and NaCl effects on growth have been reported (eg 
Muhammed et al. 1987). Although Ca2+ ameliorates the Na+ inhibition of growth for 
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most plants, it is not always the case. Different species and different cultivars respond 
differently to supplemental Ca2+ when salinised (summarised by Cramer 2002). Bread 
wheat had a greater reduction in growth and more extensive symptoms of Ca2+ 
deficiency than barley, and responded better to supplemental Ca2+ (Ehret et al. 1990). In 
addition there are reports of genotypic responses to supplemental Ca2+ and salinity, in 
rice (Yeo and Flowers 1985; Grieve and Fujiyama 1987), grass species (Ashraf and 
Naqvi 1992; Schmidt et al. 1993) and maize (Maas and Grieve 1987; Alberico and 
Cramer 1993). In all these cases it was not entirely clear whether the growth reduction 
was due to Ca2+ deficiency itself, or due to effects on Na+ or K+ transport which then 
affected growth. 
In the present experiments, it is clear that the effects of low Ca2+ supply on growth were 
not due to changes in ion accumulation, as the effects on growth were similar for all 
genotypes, both low and high Na+ uptake lines. The changes in Na+ and er involved, 
even in the high Na+ uptake lines, were too small to be considered toxic. It was 
concluded that the effects of low Ca2+ on growth, even at the high salinity, were due to 
insufficient Ca2+ uptake. 
The changes in growth rate caused by Ca2+ supply make it difficult to interpret the 
changes in ion accumulation. As described in the previous chapter, the changes in 
growth rates, and shoot:root ratio, will themselves affect the ion accumulation, even if 
the rate of ion transport from root to shoot per unit root biomass does not change. This 
means that much of the changes in ion accumulation between the 0.5 and 2 mM Ca2+ 
treatment could be due to changes in growth rate, as shoot growth increased and 
shoot:root ratio decreased. It is possible that the effects on er accumulation could be 
due to the effects on growth, and also the Na+ accumulation, but there were reductions 
in the K+ accumulation and in the K+/Na+ ratio that were not due merely to reduced 
growth rates. Hence, Ca2+ specifically interfered with the K+/Na+ selectivity. 
In conclusion, this study showed that the low Na+ durum landrace, Line 149, was 
particularly sensitive to low Ca2+ supply, and needed excessive Ca2+ concentration to 
overcome the deficiency. This deficiency could be overcome in the field by adding extra 
calcium in the form of gypsum (or lime if the soil was acid). However, a genetic 
solution to the problem of Ca2+ deficiency would be better, and this is studied in the . 
next chapter. 
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CHAPTER 4 GENETICS OF SODIUM EXCLUSION IN DURUM WHEAT 
Abstract A population was developed from a cross between the low Na+ landrace (Line 
149) and the high Na+ landrace (Line 141) described in the previous chapters. The 
parental lines, Fi, F2 progeny, and selected F2:3 families were tested for Na+ 
accumulation in leaf 3 after 10 din 150 mM NaCl. The F1 and reciprocal F1 means were 
not statistically different, indicating a lack of any maternal effect. The F 1 mean was 
intermediate to the mid parent and low Na+ parent means, suggesting incomplete 
dominance gene action. Progeny in the F2 generation segregated for Na+ accumulation 
in a 15 (low Na+) : 1 (high Na+) ratio, indicating segregation for two dominant genes 
(x\s:1 = 0.26, P = 0.61ns). Genotypic differences among non-segregating low Na+ and 
high Na+ selected F2:3 progeny were significant (P<0.01), indicating that minor genes 
were also affecting expression of Na+ accumulation. Realised heritability was moderate 
when estimated on a family-mean basis (h2R=0.43). The Ca2+ deficiency symptoms as 
observed in a few of the F2 individuals segregated independently at the F2:3 families. 
This work was linked with a project to identify QTLs associated with the Na+ exclusion 
trait. A major QTL has been identified on chromosome 2A for the cross between the 
low Na+ uptake durum landrace (Line 149) and the current cultivar Tamaroi using 
AFLPs, RFLP' s and microsatellite DNA markers. One microsatellite marker in the QTL 
region was tested on the cross (Line 149 x Line 141) used in this study, and showed the 
same linkage to the low Na+ trait. 
4.1 Introduction 
The phenomenon of salt tolerance in glycophytes and in wheat is commonly related to 
the ability to restrict the accumulation of Na+ and er and maintain high K+/Na+ 
discrimination in shoots (Greenway and Munns 1980). The discrimination trait is likely 
to be a major factor in the greater salt tolerance of bread than durum wheat. Genetic 
studies have highlighted K+ IN a+ discrimination as the difference in salt tolerance 
between these two species (Joshi et al. 1982; Dvorak et al. 1994 and Schachtman et al. 
1991). It correlated well with salt tolerance of individual accessions in the diploid wheat 
Aegilops tauschii (syn. Triticum tauschii, Aegilops squarrosa). In rice, low Na+ 
accumulation is linked with salt tolerance (Yeo and Flowers 1984; Yeo et al. 1988). In 
other species, salt tolerance is associated with er, for example in luceme (Noble et al. 
1984), white clover (Rogers and Noble 1993) and citrus (Sykes 1993). 
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Gorham et al. (1987) tested a number of D genome disomic substitution lines in the 
tetraploid cultivar Langdon and found that where chromosomes 4A or 4B were replaced 
by chromosome 4D, discrimination was greater for K+ over Na+. A locus for this trait, 
the Knal locus, has been mapped to the distal third of chromosome 4DL (Dubcovsky et 
al. 1996). Higher K+INa+ dis.crimination was found in recombinant tetraploid lines in 
which chromosome 4D was recombined with chromosome 4B in a tetraploid 
background using a homoeologous pairing mutant (Dvorak et al. 1994). A second cycle 
of homoeologous recombination has reduced the length of the introgressed chromosome 
segment (Luo et al. 1996), however foreign chromosome segments often carry 
undesirable genetic material. A source of K+ IN a+ discrimination in the tetraploid 
genome would be preferable. 
In order to find a source of Na+ exclusion and K+ IN a+ discrimination in tetraploid 
wheat, with potential for introduction into modem durum wheat, Munns et al. (2000) 
screened a diverse group of tetraploid landraces under saline conditions. Three durum 
lines were identified with low Na+ accumulation and high K+ IN a+ discrimination, and 
were selected for further study. The selected low-Na+ durum landraces were able to 
exclude Na+ over a wide range of salinity levels (see Chapter 2), and a range of external 
Ca2+ (see Chapter 3). From this work, two durum landraces were identified with 
exceptionally low Na+ or exceptionally high Na+ accumulation rates. These lines were 
selected for use in a genetic study to understand genetic control of Na+ uptake. 
4.2 Methods and Materials 
4.2.1 Germplasm and crossing 
Crosses were made between Lines 149 and 141. Two healthy tillers from each parent 
were intercrossed and then bagged to exclude other pollen. Reciprocal crosses were also 
made to test for maternal effects on Na+ accumulation. There was no evidence of any 
sterility associated with any cross (data not shown). Seed was harvested at maturity, 
threshed and then stored at 4 °C. Twenty F 1 seeds from each cross were sown and plants 
allowed to grow, self-pollinate and mature, at which time harvested F2 seed was stored 
as above (see Picture 4.1). 
(A) 
Line 141 
.____> 
(B) 
Line 141 Line 149 
Picture 4.1: (A) Mature heads of the two parental lines, 149 and 141. 
Line 149 
<~-
(B) Maturing plants of the two parental lines. Bags are covering heads used for crossing. 
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4.2.2 Testing F2 individuals and F2:3 families for Na+ exclusion 
One-hundred F2 seeds, and ten seeds each of parental, F 1 and F1-reciprocal generations 
were germinated on Petrie dishes before being transplanted into 7 5 x 150 mm pots in 
the glasshouse. The sub-irrigation system used to supply water, nutrients and NaCl has 
been previously described in Munns et al. (1995). Half-strength Hoagland's nutrient 
solution was used (Termaat and Munns 1986) before commencement of the salt 
treatment. For the salt treatment, 25 mM NaCl salt solution was added to the irrigation 
solution twice-daily over three days to make up the final concentration of 150 mM 
NaCl. Partial supplemental Ca2+ (6 mM) was used to induce Ca2+ deficiency to check 
whether if it was associated with low Na+ uptake (see Chapter 3). The solution was 
changed fortnightly and the electrical conductivity (EC) and pH was monitored twice-
weekly. Temperatures in the glasshouse were set at 23 °C during the day and 20°C at 
night, and photosynthetically active radiation (PAR) was 5.5 MJ 2 d-1. 
The blade of the leaf 3 was harvested 10 d after its emergence. The harvested blade was 
rinsed in distilled water and then dried in a 70°C oven for 48 h. and extracted in 0.5M 
HN03 at 80°C for 90 minutes. The extract was analyzed for Na+ and K+ content with an 
atomic absorption spectrophotometer (Varian Spectra AA-300). Following the harvest 
of the leaf blade, F2 plants were transferred to pots filled with a commercial potting mix 
to grow and produce F2:3 seed. 
F2:3 families from 30 F2 individuals with the lowest and highest Na+ concentrations were 
selected for further study. For each family, 15 F2:3 seeds were sown for progeny-testing 
and estimation of heritability of Na+ uptake. The F2:3 progeny were sown in a 15-
replicate randomized complete block design along with the low and high Na+ parents. 
Plants were grown at 150 mM NaCl and sampled for Na+ concentration of leaf 3 
following the methods described above for the F2 individuals. 
Means and standard errors for Na+ uptake were estimated for parental lines and F 1 
progeny grown in the F2 evaluation study. Phenotypic variances were also obtained for 
parental, F1 and F2 generations, and used to calculate broad-sense heritability (and its 
standard error) for Na+ accumulation following Ketata et al. (1976). The covariance 
among F2 lines equates to d2 A+ d2o + a2 AA where CT2 A, d2o and a2 AA are the additive, 
dominance and additive x additive genetic variances, respectively (Nyquist 1991). 
Segregation for genes at one or two loci was assessed on F2 lines using chi-square 
statistics following confirmation with a progeny-test of lines in the F3 generation. 
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Statistical analysis of F2:3 family and parental Na+ uptake data were performed using 
analysis of variance in the SAS procedure GLM (SAS 1990). Mean comparisons among 
families were performed using a protected least significant difference (Steel and Torrie 
1981). Narrow-sense heritability (h2N) and its standard error were calculated from 
regression of F2:3 progeny-means on individual F2 parental values (Lynch and Walsh 
1998). The covariance among F2:3 families is cr2A + 0.5 cr20 + 0.5 D1 + cr2AA. As before, 
cr2 A, cr20 and cr2 AA are the additive, dominance and additive x additive genetic variances 
while D 1 is the covariance between additive and homozygous dominance effects for 
alleles at a locus (Nyquist 1991). Therefore, bop= h2N = (cr2A + 0.5 cr20 + cr2AA)/cr2p, 
leaving heritability unadjusted for inbreeding. Realised heritabilities (h2 R) were also 
calculated after Nyquist (1991) as: 
2 - - - -
h R = X F3_high - X F3_low / X F2_high - X F2_low 
where x F3_high are x F3_low are mean Na+ concentrations for selected high and low F2:3 
families, and x F2_high and x F2_1ow are mean Na+ concentrations for selected high and low 
F2 families, respectively. 
4.2.3 DNA extraction 
DNA was extracted from F2 individuals and F3 families as described by Lagudah et al. 
(1991a). Leaf material from F3 families was collected and pooled into two groups, (1) 
having low Na+ concentration and (2) having high Na+ concentration. 
Fresh leaf material was collected, ground in liquid nitrogen, and extracted in 3.8 ml of 
extraction buffer (0.05 M Tris; 0.3 M EDTA, pH 8; 60 µl proteinase K (10 mg/ml); 5% 
sodium dodecyl sulfate), and incubated at 37°C for 2-3 hours. Tubes were centrifuged 
for 15 minutes, and 9 ml ethanol-perchlorate was added to the supernatant, samples 
were gently mixed to precipitate the DNA. The precipitated DNA was transferred to 500 
µl Tris-EDTA (0.01 M Tris pH 8.4; 0.001 M EDTA). Following incubation at 4°C for 
24 hours, 800 µl phenol-chloroform was added to the samples, which were gently 
shaken overnight, then centrifuged. 20 µl RNAse (O.Olg/ml) was added to the 
supernatant, and samples were incubated at 37°C for 30 minutes. After incubation, 800 
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µl phenol-chloroform was added to the samples, which were gently shaken for LS hours 
prior to centrifugation for 3 minutes. 500 µl sodium acetate, pH 5.5, and 950 µl absolute 
ethanol was added to the supematnat and centrifuged for 10 minutes. The pellet was 
washed with 70% ethanol, centrifuged for 10 minutes, the pellet air dried, then 
resuspended in 250 ml Tris-EDTA, pH 8. 
4.2.4 Restriction digest 
DNA restriction digest was done as described by Lagudah et al. (1991b). A typical 
digestion of 15 µg genomic DNA was digested with a reaction mixture: 10 x restriction 
buffer. Restricted genomic DNA was separated on a 1 % agarose gel. The gel was 
denatured, neutralized and than transferred to nylon filter membrane using Whatman #3 
paper, allowing the gel transfer to proceed for at least 15 hours. The membrane was 
cross linked in the UV cross link machine. The membrane was prehybridized and then 
hybridized in 50o/o formamide hybridization solution overnight at 65° C. 
The DNA from the two parental lines used in this study were digested with one of the 
13 restriction endonuclease enzymes BamHJ, Bgl II, Dra, EcoRJ, EcoRV, Hind III, Nco 
I, Nde I, Nsi I, Pst I, Sac I, Xba I and Xho I. The DNA fragments from the AFLP 
derived clone, AFLP 42-1 (supplied by Megan Lindsay, CSIRO Plant Industry) were 
radiolabelled and used as a probe to the membrane filter in hybridization process. 
4.2.6 Microsatellite testing by PCR amplification 
A subset of microsatellite markers were obtained as described by Roder et al. 1998 and 
an additional set of primers was supplied by Lynette Rampling (CSIRO Plant Industry). 
PCR reactions were set up on ice in 96-well polypropylene PCR plates (Advanced 
Biotechnologies). All amplifications were performed in 20 ul aliqots containing 1.5 mM 
MgCb, 200 µM dNTP, 200 µM lx PCR buffer (Boehringer Mannheim), 1 µl Taq DNA 
polymerase and 100 ng genomic DNA. Genomic DNA was amplified using a step-down 
PCR program: 95°C/4min, 15 cycles of 94°C/30seconds, 65°C-50°C/30 seconds 
decreasing by 1 °C/cycle, 72°C/80 seconds, 30 cycles of 94°C/15 seconds, 72°C/45 
seconds, followed by a 4°C holding step. The PCR products were separated using 1.8% 
metaphor agarose gel. Bands were detected with ethidium bromide stain under UV light. 
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4.3 Results 
4.3.1 Evaluation of parents, F1, and F2 progeny 
Na+ concentration was measured on leaf 3 blade of parental, F1 (and F1 reciprocal) and 
F2 individuals grown at 150 mM NaCl. The intraclass correlation estimated from 
variation between and within the genetically homogenous parental and F1 generations 
was 0.97. Therefore, sampling/environmental variation was small, accounting for 
approximately 3% of the observed variation when assessed on a single-plant basis. 
Differences between parents for Na+ concentration were large and significant (P<0.01) 
with the low Na+ parent having only 13% the Na+ concentration of the high Na+ parent 
(Table 4.1). 
Table. 4.1: Generation means, standard errors and variances for populations leaf Na+ concentrations 
(,umol g- 1 DW) grown at 150mM NaCl for the low Na+ parent (P 1, Line 149 ), the high Na+ parent (P2, 
Line 141), reciprocal F1 generations, and the F2 generation. 
Generation Mean(± se) Variance 
P1 224 ± 27 7274 
P2 1694 ± 73 42764 
P1 x P2 572 ± 46 1688 
P2 X P1 504 ± 41 9132 
F2 714 ± 35 153313 
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The F 1 progeny means for Na+ concentration were significantly (P<0.05) larger than the 
low Na+ parent (Fig. 4.1) while differences in Na+ of the F1 and reciprocal F1 progeny 
were not statistically significant (P>0.05). Large genetic differences in leaf Na+ 
concentration of the parents translated into large and significant (P<0.01) differences 
for leaf Na+ among F2 progeny (Fig. 4.1). 
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Figure 4.1: Frequency distributiorr for Na+ concentration in the blade of the 3rd leaf 10 dafter emergence 
among 100 F2 individuals grown at 150mM NaCl. Na+ concentration is expressed on a dry weight basis. 
A schematic is also shown indicating parental (P 1 and P2), F1, F2 and midparent (MP) means, and 
statistical significance for comparisons between generation means. 
ns indicates means not statistically different at P = 0.05. 
*,**indicates means statistically different at P = 0.05 and 0.01, respectively. 
The range among F2 individuals covered variation observed in parental and F1 progeny. 
Of the 100 F2 individuals, approximately 25 individuals showed low Na+ concentration 
sirnilar to that of the low Na+ uptake parent, whereas only seven individuals produced 
Na+ concentrations consistent with the high Na+ parent. The remaining individuals were 
intermediate in Na+ concentration, although progeny values were strongly skewed 
toward the mean of the low Na+ uptake parent (Fig. 4.1). Out of 100 F2 individuals, only 
five showed some Ca2+ deficiency symptoms in their 4th and 5th leaf. 
The F1 mean was intermediate in value to the midparent and low Na+ parent means, 
suggesting dominance gene action in genetic control of Na+ accumulation. Furthermore, 
reducing the frequency of heterozygotes with self-fertilisation from the F1 to produce 
the F2 generation was associated with a 33% increase in mean Na+ concentration for F2 
individuals. The seven high Na+ F2 lines were progeny-tested in the F3 generation to 
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show that two of the seven lines were misclassified in the F2 progeny evaluation (Fig. 
4.2) whereas all of the 15 low F2 selections were homozygous low or heterozygous for 
Na+ uptake. 
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Figure 4.2: Relationship between low and high selected F2 and F2:3 progeny means for leaf Na+ 
concentration at 150 rnM NaCl. Families homogenous in the F3 generation are indicated as filled circle 
( • ), and families segregating in the F3 generation are given as empty circles ( o ). Progeny misclassified for 
Na+ concentration in the F2 generation are also indicated ( A). Means are given for both high and low Na+ 
parents (•). The least-squares relationship for F2 and F2:3 families was: Y = 364 + 0.40.X (r2 = 0.55). 
A two-gene model with dominance was subsequently fitted for the F2 progeny data 
assuming a segregation ratio of 15 low to 1 high Na+ content. The calculated chi-square 
statistic for 95 low to 5 high Na+ lines in the F2 was 0.27 (P = 0.61ns) indicating a 
failure to reject the two-gene model with dominance for leaf Na+ concentration. 
Broad-sense heritability(+ standard error) was estimated for the F2 population as 0.95 + 
0.05 indicating that approximately 95% of the observed phenotypic variation among F2 
progeny was associated with line-to-line genotypic differences. The strong correlation 
between phenotype and genotype indicates that the influence of environment on Na+ 
concentration among lines was small, and supports the high intraclass correlation 
reported earlier for genetically homogenous parental and F1 lines. 
4.3.2 Evaluation of F2_.3families 
Parental lines and F2:3 progeny from selected low and high Na+ F2 individuals were 
grown and evaluated under conditions similar to those under which the F2 progeny were 
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evaluated. Variation among parents and progeny was large in this evaluation (Table 
4.3). Differences in Na+ concentration between parents was not as large as for the F2 
evaluation (Table 4.2) although the low Na+ parent still only accumulated 19% the Na+ 
of the high parent. No F2:3 family significantly (P < 0.05) exceeded either low or high 
Na+ parent in Na+ uptake (Fig. 4.2). 
Table 4.2: Tests for segregation of genes at one or two loci with dominance for leaf Na+ concentration 
measured among F2 individuals grown at high salinity (150 mM NaCl). 
Parameter Na+ concentration phenotype 
Low High 
I-locus (3:1) 
Observed 95 5 
Expected 75 25 
:x\:1 = 21.3 (P = 0.01) 
2-locus (15:1) 
Observed 95 5 
Expected 93.75 6.25 
x\s:1 = 0.27 (P = 0.6lns) 
As a group, F2-selected low Na+ families were low for Na+ concentration in the F3 
generation. In contrast, two of the high-selected F2 lines produced small mean Na+ 
concentration in the F3 generation. Closer examination confirmed that all 15 F2:3 
individuals in each of the two families were uniformly low and therefore not 
segregating for Na+ concentration (data not shown). Therefore, the F2 individuals were 
misclassified as high Na+ lines when genetically these lines were low Na+ lines. Of the 
15 lowest Na+F2 lines, seven were segregating for Na+ concentration in the F3 
generation (Fig. 4.2). Similarly, five of the 15 high-selected F2 families were 
segregating in the F3 generation. There was no Ca2+ deficiency symptoms observed for 
many of the low Na+ families. 
Comparisons between homozygous low and homozygous high Na+ families indicated 
significant (P<0.05) genetic differences for Na+ accumulation (Table 4.3). The range in 
Na+ concentration among genetically~homogenous, low-selected F2:3·families was 267 
to 518 µmol g-1 Na+ (Appendix 4.lA) whereas the range among high-selected F2:3 
families was 645 to 1449 µmol g-1 Na+ (Appendix 4.lB). Evidence for significant 
differences among 'genetically-fixed' families suggests other genes of smaller genetic 
effect may be influencing expression of Na+ concentration in this population. 
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Table 4.3: Means and ranges for Na+ concentration (µmol g-1 DW) for families and parents evaluated in 
the F2 and F3 generations under high saline (150 mM NaCl) conditions. 
Study/generation Selected group 
Low High 
F2 evaluation 
F2 Mean 244 ± 16 1390 ± 101 **'a 
Range 87 - 315 1022 - 2065 
Parentsb 224 ± 27 1694 ± 73 
F3 evaluation 
F3 Mean 441 ± 37 937 + 81 **'ad 
Range 267 - 765** 442 - 1449* * 'cd 
Parentsb 304 ± 37 1577 ± 45 
a differences between low- and high Frselected groups were significant at P = 0.01 
b low parent was line 149 and high parent was line 141 
c differences in family means within low and high Frselected groups was statistically significant at P = 
0.01, respectively 
ct F2:3 group mean and range after removal of the two F2 high-misclassified lines were 1015 ± 70 and 645 
to 1449 µmol f 1Na+, respectively 
Realised heritability was estimated as 0.43 from response to selection in the F2 
generation. Similarly, narrow-sense heritability from the covariance of F2 parental 
values on F2:3 progeny-means was 0.40 + 0.12 (P<0.01). This suggests that 
approximately one-half of the observed variation in the F2 generation was transmitted 
from parent to progeny in the F3 generation. Exclusion of the two misclassified F2 
progeny increases realized heritability to 0.53 and parent-offspring narrow-sense 
heritability to 0.52 + 0.08. Comparisons between the F2-based, broad-sense heritability 
estimate of 0.95 + 0.05 and the narrow-sense heritability estimates of 0.53 suggests a 
large proportion of genetic variance in Na+ concentration is non-additive or dominance-
based. 
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4.3.3 Evaluation of marker derived from Line 149 x Tamaroi population 
A marker was developed by Megan Lindsay (CSIRO Plant Industry) from the low Na+ 
Line 149 and the current durum cultivar Tamaroi, using bulk segregant analysis (15 
lowest Na+ and 15 highest Na+ F2 individuals) and the AFLP technique. This marker 
designated as "AFLP 42-1" was tested on the F2:3 families used in this study. 
Probe "C lone 42" and Enzyme " Hin d III " 
High N a+Fam ilie s Low N a+Fam ilie s 
Pl P2 100 89 32 64 94 26 19 21 20 57 68 
L H I 2 2 2 I 2 2 2 1 2 2 I 2 2 2 
-
10 
1 2 
·-
-.. 
- - --- -· 
~ .,,.._. ..... 
... ._, ... ~ .... 
~ ..... - ~ 
Figure 4.3: DNA hybridization with AFLP 42-1 for F2:3 families from a cross between Line 149 (low Na+ 
parent, Pl ) and Line 141 (high Na+ parent, P2). As most families were segrating for Na+ , individual 
plants in each family were grouped into two groups for DNA extraction , group 1 being low Na+, and 
group 2 being high Na+ within each family (see Methods section 4.2.3). The figure shows 6 high Na+ 
families (family number 100, 89, 32, 64, 94, 26) and six low Na+ families (number 19, 21, 20, 57, 68, 10), 
as being representative of-the 15 low Na+ families and the 15 high Na+ families . 
The marker AFLP 42-1 was originally thought to be associated with the Na+ exclusion 
trait in durum wheat. In order to verify that the marker was in fact closely linked to the 
trait, it was tested on the 30 F2:3 families derived from the extremes of the F2 population 
(the 15 individuals with the lowest Na+ concentration and the 15 individuals with the 
highest Na+ concentration). This population has a common parent with the population 
from which the marker was derived (the low Na+ parent, Line 149) but the second 
parent was genetically unrelated (Line 141 versus the cultivar Tamaroi). Hence this 
population provides good test of the linkage of the AFLP marker and the Na+ exclusion 
trait. 
Results (Fig . 4.3) indicate that the marker was not as closely linked to the trait as 
expected. The band identified by the marker was present in only 4 of the 6 high Na+ 
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families shown here, and was present in 3 of the 6 low Na+ families. Futher, it did not 
associate with the low and high Na+ groups in the families (indicated on Fig. 4.3 by the 
numbers 1 and 2 respectively). This was typical of the other families (data not shown). 
So it was concluded that the marker was not closely linked to the Na+ exclusion trait. 
A major QTL and closely linked microsatellite marker (Megan Lindsay et al. 
unpublished) have been mapped to chromosome 2A. This work derived from a cross 
between the low Na+ uptake durum landrace (Line 149) used above, and the durum 
cultivar Tamaroi. This marker was tested on the population used in this study. 
High Na+ F2 individuals P2 P1 
46 100 86 50 31 32 52 64 26 83 73 37 141 149 
A A A ··i\ A A A A H I-l I{ . H A ·s ·1 
Low Na+ F2 indi viduals 
18 19 44 20 57 68 l O 67 69 66 3 2 16 
H H B BAH BB . H - B H B H 
Figure 4.4: Agarose gel showing PCR product obtained using DNA derived F2 individuals from a cross 
between Line 149 and Line 141 using a rnicrosatellite marker identified by M Lindsay. The (A) represents 
band for Line 141, (B) band for Line 149 and (H) are heterozygotes showing both bands. Upper gel 
picture number starting with 46 to 37 represent the high Na+ F2 individuals and lower gel picture numbers 
starting with 18 to 16 represent low Na+ F2 individuals. 
The co-dominant marker, indicated as 'A' and 'B' bands, had a strong association with 
the Na+ exclusion trait (Fig. 4.4). Many individuals had both bands, as indicated by 'H' 
for heterozygote. Discounting these H individuals, the B band (from the low Na+ parent, 
P 1, Line 149) was present in all but one of the low Na+ F2 individuals and in none of the 
high Na+ individuals. The A band (from the high Na+ parent, P2, Line 141) was present 
in all the high Na+ individuals and only one of the low Na+ individuals. The marker 
therefore is closely linked to the Na+ exclusion trait. 
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4.4 Discussion 
Genetic variation for leaf Na+ concentration among progeny was large in both F2 and F3 
generations. A lack of any transgressive segregants in the F3 generation suggested that 
all the major genes for low Na+ uptake came from the low Na+ parent, Line 149. 
Subsequent analyses revealed that genetic control of salt tolerance in the low Na+ parent 
was associated with two genes of large effect, and that these genes exhibit dominance 
gene action. Minor gene effects were also apparent, but appeared small in size. 
Reciprocal F 1 effects were unimportant, indicating that genetic control of Na+ 
accumulation was associated with the nuclear genotype and not with genes contained in 
the cytoplasm. 
Presence of dominance gene action is likely to reduce the effectiveness of phenotypic 
selection for low Na+ concentration in the early stages of a biparental or backcross-
based breeding program. This is because the frequency of heterozygous families is high 
in the early generations (i.e. F2 or F3) of population development. Only heterozygous 
families can exhibit dominance gene action thereby making identification of 
homozygous 'true-breeding' lines difficult without progeny-testing to confirm the 
parental genotype. For example, at a given selection intensity in the F2 generation of 
10% (i.e. select 10 out of 100 lines), five of the lowest-selected Na+ lines were 
heterozygous when progeny-tested in the F3 generation. Further, misclassification of 
two homozygous families did occur in the F2 generation, but this was considered 
unusual given the sampling technique used and is likely to be infrequent (as evidenced 
by the very high intraclass correlation for parental and F 1 generations). 
Realised and parent-offspring estimates of narrow-sense heritability were moderately-
high for Na+ accumulation. This indicates that selection for low Na+ is feasible in a 
breeding program. These heritability estimates are consistent with realized heritabilities 
reported for Na+ exclusion in rice (0.42 to 0.43 across populations Garcia et al. 1997), 
white clover (0.37 Rogers et al. 1997), and luceme (0.41 Noble et al. 1984). Presence of 
Cr dominance gene action and therefore dominance genetic variance is likely to slow 
-
selection progress in early generations as dominance cannot be transmitted to offspring 
· during selection (Lynch and Walsh 1998). Confounding through dominance can be 
eliminated with inbreeding so that selection occurs among homozygous families only. 
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Problems with dominance confounding selection in early generations can be overcome 
with inbreeding, or with progeny-testing of selected low Na+ families. The development 
of linked molecular markers to the two Na+ exclusion genes would assist in genotypic 
selection independent of the Na+ phenotype. Further, co-dominant molecular markers 
would allow identification of homozygous families in the F2 generation of a biparental 
or backcross population. Markers would also assist in reducing population sizes for the 
costly exercise of screening and phenotyping Na+ accumulation under saline conditions. 
Mapping studies are currently underway to develop molecular markers linked to genes 
for low Na+ in populations derived from the Na+ excluding genotype. Validation of the 
microsatellite marker linked to the major QTL on chromosome 2A was demonstrated in 
the population described in this chapter, and confirming that the molecular marker for 
the low Na+ trait can work in genetically unrelated backgrounds. 
The agronomic unsuitability of these landraces restricts their use as varieties for 
commercial release. However, as parental germplasm in a breeding program, landraces 
such as line 149 can provide genes for backcrossing improved salt-tolerance into 
commercial durum backgrounds. Efficient selection for genetic improvement of a 
character requires an understanding of the nature and extent of genetic control for the 
trait (Dudley 1997). Currently, there are no reports on genetic control and response to 
selection for salt-tolerance in either bread or durum wheat. 
For further use of the low Na+ landrace, it was necessary to confirm that the Na+ trait 
can confer salt tolerance. To assess the long term effects of the Na+ exclusion trait on 
growth and yield in saline soil, a study was conducted, which is described in the next 
chapter, using the two parental durum landraces as having contrasting Na+ uptake (Line 
149 and 141) along with four of their progeny. The two low and two high Na+ families 
showing little variation between individuals, indicating that they were homozygous for 
low and high Na+ uptake respectively. 
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CHAPTER 5 EFFECT OF LOW SODIUM ACCUMULATION ON GROWTH 
AND YIELD OF DURUM WHEAT IN SALINE SOILS. 
Abstract To assess the effects of low Na+ accumulation on leaf longevity, growth 
and yield of durum wheat in saline soil, investigations were carried out with six 
genotypes with contrasting extents of Na+ accumulation in leaves. The genotypes 
comprised the low Na+ landrace Line 149, the high Na+ landrace Line 141, and four F3:4 
families derived from a cross of these parents, two families having high and two having 
low Na+ accumulation. Leaf chlorophyll content, ion concentration, plant height, dry 
biomass, yield and yield components were measured at three salinity levels ( 1, 7 5 and 
150 mM NaCl, with supplemental Ca2+). Plants of all genotypes were harvested at ear 
emergence, and parent genotypes were also harvested at grain maturity. Large 
differences were observed between genotypes for chlorophyll retention, the three in the 
low Na+ group showing much greater chlorophyll retention than the three in the high 
Na+ group. The difference was greatest at 7 5 mM Na Cl. Salinity reduced plant biomass 
and height at ear emergence. These effects were less on the low Na+ group than on the 
high Na+ group at 75 mM NaCl, but there was no difference between groups at 150 mM 
Na Cl. At maturity there were no differences between parental genotypes in the 
reductions of plant biomass and height caused by growth at either 75 or 150 mM NaCl. 
Nor was there any difference in the yield reduction (87%) caused by growth at 150 mM 
Na Cl. There was a difference in the yield response at 7 5 mM Na Cl. Yield of the high 
Na+ parent was reduced by 29%, whereas there was no significant reduction in yield of 
the low Na+ parent. The results indicate that the low Na+ uptake genotypes performed 
better under moderate salinity. In the low Na+ parent, greater leaf longevity was 
associated with enhanced retention of kernel number and kernel weight. 
5.1 Introduction 
The yield of durum wheat (Triticum turgidum L. ssp. durum (Desf.)) is currently 
restricted in sodic or saline soils. In Australia rising water tables carrying salts that have 
accumulated in the soil currently affect 2 million hectares, and may ultimately affect a 
large proportion of the total land area that has been cleared for farming. Predictions by 
the National Land and Water Resources Audit (http://audit.ea.gov.au) are that by the 
year 2050, as many as 17 million hectares are at risk of salinisation, which represents a 
third of Australia's agricultural land area. Crops with greater salt tolerance will be 
needed to reduce the impact of this salinisation. 
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Durum wheat is more salt sensitive than bread wheat (Joshi et al. 1982; Francois et al. 
1986; Maas and Poss 1989; Maas and Grieve 1990). The difference in salt tolerance 
between bread and durum wheats lies in the ability of the bread wheats to restrict Na+ 
accumulation in the shoot (Joshi et al. 1982; Francois et al. 1986), a trait associated with 
the D genome which is lacking in durum wheat (Gorham et al. 1987; Shah et al. 1987). 
In a search for genetic variation within durum and related tetraploid wheat species, a 
low Na+ durum landrace was found (Munns et al. 2000). The experiments which 
identified the landrace and confirmed its low Na+ uptake were of short duration ( about 2 
weeks after salt initiation), long enough for the Na+ exclusion ability of selected durum 
wheat lines to be expressed, but too short to prove that this conferred salt tolerance. 
Short-term experiments that showed differences in Na+ uptake did not reveal differences 
in growth response between genotypes (Chapter 2). This is consistent with previous 
studies involving both durum and bread wheats, which indicated that at least four weeks 
of salinity is necessary to distinguish salt-specific effects on growth from osmotic 
effects (Munns et al. 1995; Rivelli et al. 2002). 
This study presents data from a long-term growth experiment with two landraces and 
four derived progeny with contrasting degrees of Na+ exclusion under saline conditions, 
to compare the effect of low versus high Na+ accumulation on leaf longevity, biomass 
and yield. The two ancestral durum landraces selected for this study as having very low 
and high Na+ uptake were Line 149 and Line 141 (Chapters 2 and 3). The four families 
from a cross between them used in this study were selected as having either very low or 
high Na+ from a previous study (Chapter 4). The effect of moderate and high salinity 
(75 mM and 150 mM NaCl) on biomass at ear emergence was measured for the six 
genotypes, and the parental landraces were grown through to grain maturity. 
As previous work had indicated that differences in leaf injury between genotypes were 
apparent long before difference in biomass (Munns et al. 1995), chlorophyll content was 
monitored non-destructively throughout the life of the leaves to see if low Na+ 
maintained leaf longevity, and if this could be an early indication of biomass or yield 
differences. Plant growth in terms of biomass production is a measure of net 
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photosynthesis integrated over time. Although a decrease in plant growth in saline soil 
can be attributed to reduced photosynthetic area as well as to reductions in 
photosynthesis per unit leaf area (e.g. Rawson et al. 1988), non-destructive 
measurements of chlorophyll provide an index for the photosynthetic potential and 
capacity of the plant, if not its actual activity. 
5.2 Methods and Materials 
5.2.1 Germplasm 
Two durum: wheat landraces having low or high rates of Na+ uptake, characterised in the 
previous study (Chapters 2, 3) were used along with four F3:4 families of a cross 
between them (Chapter 4). The low Na+ durum landrace was Line 149, here referred to 
as the low Na+ parent, and the high Na+ durum landrace was Line 141, here ref erred to 
as the high Na+ parent. Four families from the cross between these parents were 
selected, on the basis of having either very low or very high Na+ uptake, identified from 
analysis of leaf 3 after 10 d growth in 150 mM NaCl of the F2:3 families in a previous 
experiment (Chapter 4). To confirm that the differences in Na+ accumulation in the F2:3 
families were inherited by the progeny, i.e. the F3:4 families, a subset of F3:4 family 
plants was sampled for Na+ 
concentration at the leaf 4 stage at the start of this experiment, by the method described 
below. The low Na+ landrace (Line 149) and the two low F3:4 families (PO 4019 and PO 
4002) had significantly lower Na+ accumulation than the high Na+ landrace (Line 141) 
and the two other F3:4 families (PO 4085 and PO 4045) (Table 5 .1 ). The low Na+ landrace 
and the low families had higher K+ concentration than the high Na+ landrace and the 
high families (data not presented). The sets of families were sufficiently different from 
each other in Na+ and K+ accumulation, and later proved to be so similar to the 
respective parents, that the six genotypes could be grouped into two classes, low and 
high Na+ uptake genotypes. 
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Table 5.1: Germplasm selection and leaf Na+ levels in durum genotypes (two durum landraces and four F2 
-derived families). Plants were grown in 150 mM NaCl, and the subsequent emerging leaf sampled at 10 
d. Data show means ± s.e. *Leaf 3 was measured in the F2:3 generation (previous unpublished experiment, 
n=15), and **leaf 4 in the F3:4.generation (current experiment, n=4 for parents, n=2 for families, with 
***one exception when n=l). 
Genotypes Selection No. [Na+] mmol t 1 DW 
Leaf 3* Leaf 4** 
Low Na+ Parent Line 149 0.30 ± 0.04 0.19 ± 0.02 
High Na+ Parent Line 141 1.5 ± 0.1 1.2 ± 0.1 
. Low Na+ Family PO 4019 0.27 ± 0.03 0.42*** 
Low Na+ Family PO 4002 0.30 ± 0.03 0.30 ± 0.06 
High Na+ Family PO 4085 1.45 ± 0.07 1.02 ± 0.08 
High Na+ Family PO 4045 1.31 ± 0.04 0.94 ± 0.13 
5.2.2 Germination and vernalisation procedure 
Seeds of uniform weight (50-58 mg) were surface sterilized in undiluted hypochlorite 
solution for 1 min followed by 15 min in 5% dilution. They were thoroughly washed 
with tap water prior to imbibition for 1 h, and placed on moistened filter paper in Petrie 
dishes and kept at 4 ° C for 48 h and later at room temperature till they germinated. The 
seedlings were placed in 5 cm plastic tubes filled with river sand and perlite (1:1). The 
plants were then vernalised for 6 weeks at a temperature of 6° C and a light period of 12 
h with a light level of 76-95 µE. Seedlings were irrigated with 50 ml tap water for a 
week followed by 1A strength Hoagland's solution for 4 weeks (twice a week), 
increasing to l/2 strength Hoagland's for the last week (Termaat and Munns, 1986). After 
6 weeks the seedlings were taken from the vemalisation room. Leaf 3 had emerged in 
all genotypes at this time. 
5.2.3 Growth conditions 
Vemalised seedlings of similar size for all genotypes were transplanted (11 July 2001) 
into 50 cm long x 8.5 cm_ diameter PVC tubes filled with river sand and perlite (1: 1) and 
supported by a metal frame ( see Pie. 5 .1). 
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There were 36 plants (12 replicates for each treatment) of the two durum landraces and 
18 plants (6 replicates for each treatment) of the four families arranged randomly in a 
glasshouse set to 18° C during the night and 22° C during the day, with average 
photosynthetically active radiation (PAR) 9 mol/m2/day in July increasing to 31 
mol/m2/day in November. Plants were irrigated every second day with V2 strength 
(A) 
(B) 
Picture 5 .1: (A) At the start of the experiment, showing seedlings in pots made of PVC tubes supported 
by metal frames. (B) Experiment in advanced stages when the plants were around 10 weeks old. 
Hoagland's solution (600 ml/tube) for a week before starting salt treatment. Salt 
treatment was imposed gradually by increasing the salt concentration each day from 25 
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mM NaCl till it reached the desired salinity levels of 1, 75 and 150 mM NaCl. Two 
Ca2+ levels were used, lOrnM Ca2+ for 1 and 75 rnM NaCl and 15 mM Ca2+ for 150 
mM Na Cl. Irrigation was carried out every second day. 
In addition to the main experiment, at the end of the vemalisation treatment, four 
additional seedlings of the two durum landraces and two seedlings of the four families 
were transplanted into 25 cm long x 8.5 cm diameter PVC tubes filled with river sand 
and perlite (1: 1) arranged in the same metal frame. The plants were irrigated with 1/2 
strength Hoagland's solution for a week but only one salinity level (150 mM NaCl) was 
used for these plants, applied gradually as described above. Date of emergence of leaf 4 
of these plants was recorded and leaf 4 was harvested after 10 d for the analysis of Na+ 
and K+. These plants were used to compare and confirm data on Na+ accumulation from 
the preceding generation, shown in Table 5 .1. 
5.2.4 Biomass and leaf ion concentration at ear emergence 
At ear emergence, after 10 weeks (64 din salt), 6 replicates of the two durum landraces 
and all 6 plants from each of the four families for all the three treatments were 
harvested. Height of the main stem to the tip of the flag leaf was recorded along with the 
total fresh weight and number of tillers. The last fully expanded leaf on the main stem 
(leaf 8) was collected for ion analysis (Na+ and K+). Dry biomass (excluding roots) was 
measured after 48h at 70°C. 
5.2.5 Biomass and grain yield at maturity 
The remaining plants of the two durum landraces were left to grow until maturity ( 6 
replicates per treatment). Irrigation was carried out every 2 d for the two salinity 
treatments and every d for the much larger plants in the 1 mM Na Cl treatment. Plants 
were harvested at 20 weeks, on 29 November 2001. The data collected was height of the 
main stem to the base of the ear, dry biomass (after 48h at 70°C), grain weight, number 
of tillers, and number of grain. Ears of the main stem and tillers were kept separate. 
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5.2.6 Measurements 
Leaf ion concentrations (Na+ and K+) were analysed with an atomic absorption 
spectrophotometer (Varian Spectra AA-300) after drying the leaves at 70° C for 48 h 
followed by extraction in 0.5M HN03 at 80° C for 90 min. 
Chlorophyll retention was recorded from the third day the plants were placed in the 
glasshouse on leaf 3 through to leaf 8, at approximately 7 d intervals using a Minolta 
SPAD 502 meter (Minolta, Osaka, Japan). 
Krugh et al. (2002). (http://www.agron.missouri.edu/mnl/68/39krugh.html) 
Statistical analysis was done using COST AT Version 4, and mean separation was done 
using Duncan's multiple range test (Duncan 1955). 
5.3 Results 
5.3.1 Chlorophyll content and leaf longevity 
Chlorophyll levels (recorded with a SPAD meter) were monitored in leaves 3 to 8 from 
the time of salt application until ear emergence. Since leaf 3 was fully expanded when 
the salt treatment was initiated, data from leaves 4 and 6 are presented to illustrate the 
effect of salinity on chlorophyll content and leaf senescence. The six genotypes were 
monitored separately, but as their Na+ accumulation fell clearly into two contrasting 
groups (Table 5.1), to simplify presentation the results for the three low Na+ genotypes 
(Line 149, PO 04019 and PO 04002) and three high Na+ genotypes (Line 141, PO 4085 
and PO 4045) were pooled as two groups, called Low and High Na+ uptake genotype 
groups. 
For leaf 4, the chlorophyll concentration was the same for the low and high Na+ uptake 
groups at 1 mM NaCl, and was maintained in both groups until d 35 when it gradually 
declined (Fig. 5.lA). At 75 mM NaCl, the low Na+ genotypes had higher chlorophyll 
content than the high Na+ genotypes, and this was retained for much longer, even longer 
than in 1 mM NaCl (Fig. 5. lA). At 75 mM NaCl there was a rapid decline after 35 din 
the chlorophyll content in the high Na+ group. The low uptake group had a significantly 
higher chlorophyll concentration at 75 mM than at 1 mM NaCl (Fig. 5.lA). At 150 mM 
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NaCl, the groups did not show any difference until 35 d when leaf senescence followed, 
the low Na+ group senescing a little faster than the high uptake group (Fig. 5.lB). Leaf 
3, which was already expanded when the salt treatment started, showed a similar pattern 
to leaf 4, with the low uptake group showing longer chlorophyll retention at 75 mM but 
not at 150 mM NaCl (Appendix 5.1). The chlorophyll concentrations in leaf 3 were all 
initially lower than for leaf 4 and the same for all treatments. 
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Figure 5.1: Effect of different levels of salinity on chlorophyll content in leaf 4 of low and high Na+ 
uptake genotypes. (A) 1 and 75 rnM NaCl, (B) 150 rnM NaCl. Leaf 4 emerged 3 dafter the salt treatment 
started. 
For leaf 6, both 75 mM and 150 mM treatments showed differences between genotype 
groups. At 1 mM NaCl no differences were observed between the low and high uptake 
groups, and they both senesced after 50 d (Fig. 5.2A). At 75 mM NaCl treatment, both 
groups exhibited higher chlorophyll concentration than lmM NaCl treatment (Fig. · 
5.2A). However, the low Na+ uptake group had significantly more chlorophyll retention 
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than the high uptake group from d 40 onwards (Fig. 5.2A). At 150 mM NaCl treatment 
the low Na+uptake group showed better retention of chlorophyll than the high Na+ 
uptake group from d 40 onwards (Fig. 5 .2B ). Initial chlorophyll content was the same 
for both groups at 75 and 150 mM NaCl. 
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Figure 5.2: Effect of different levels of salinity on chlorophyll content in leaf 6 of low and high Na+ 
uptake genotypes. (A) 1 and 75 mM NaCl, (B) 150 mM NaCl. Leaf 6 emerged 21 dafter the salt 
treatment started. 
Leaves 5 and 7 showed a similar pattern to leaf 6, the low Na+ group retaining 
chlorophyll longer at both 75 and 150 mM NaCl (Appendix 5.1). Leaf 8 did not reveal 
any differences between the groups, its chlorophyll levels remaining high up to ear 
emergence when plants were harvested, even though it was 34 d old (Appendix 5.1). 
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5.3.2 Ion accumulation at ear emergence 
Na+ concentration in leaf 8 was measured on leaves harvested at ear emergence (64 din 
salt). Variation in Na+ concentration in leaf 8 (Fig. 5.3A). was consistent with that 
measured earlier, on leaf 4 
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Figure 5 .3: Effect of salinity at ear emergence, 64 d after the salt treatment started, on concentrations of 
(A) Na+ and (B) K+, in leaf 8 of low and high Na+ uptake genotypes. Leaf 8 was about 34 d old in all 
genotypes. The F3:4 familes PO 4019 etc (see Table 5.1) are here abbreviated as 019 etc. 
The three low Na+ uptake genotypes had similarly low Na+ concentrations at all the 
salinity levels (P<0.05). Leaf Na+ concentration did not exceed 0.1 mmol g- 1 DW in the 
low Na+ group. The three high uptake genotypes showed similarly high Na+ 
concentrations (Fig. 5.3A). The maximum values of Na+ in the three high uptake 
genotypes were at 75 mM NaCl and decreased at the higher salinity, a phenomenon 
found earlier in experiments over a range of salinity with the same high Na+ parental 
line (unpublished data). It is noteworthy that the difference in accumulation between the 
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high and low Na+ uptake genotypes showed up clearly in the control treatment, 1 mM 
NaCl, and that the low Na+ genotypes had less accumulation at 150 mM NaCl than did 
the high Na+ genotypes at 1 mM NaCl (Fig. 5.3A). 
K+ concentration was higher in the low Na+ genotypes than in the high Na+ genotypes 
(Fig. 5.3B). There were no significant differences between any genotypes in the 1 mM 
NaCl treatment, but at 75 and 150 mM NaCl the three low Na+ uptake genotypes had 3-
fold higher K+ concentrations than the high Na+ uptake genotypes. For the high Na+ 
uptake genotypes the K+ concentration at 1 mM NaCl was significantly (P<0.001) 
higher than at 75 and 150 mM NaCl. 
5.3.3 Biomass and height at ear emergence 
Six plants of each genotype were harvested at ear emergence, 64 d in salt treatment. 
There was little effect of salinity on the time of ear emergence, their being only 3 days 
difference among the salt treatment and genotype combinations. Height of the main 
stem was not reduced significantly by 75 mM NaCl in the low Na+ uptake group, but it 
decreased by 14% in the high Na+ uptake group (P<0.001) (Table 5.2). At 150 mM 
NaCl, height was equally affected in both groups, decreasing by 31 % (P<0.001). 
Plant biomass also showed a difference between groups at 75 mM but not 150 mM 
NaCl. The low Na+ uptake group showed a 38% reduction at 75 mM salinity whereas 
the high uptake group showed a 47% reduction (Table 5.2). The effect of salinity was 
significant at P<0.001, and the difference between genotypes was significant at P=0.05. 
At 150 mM NaCl, reductions in biomass of 85% and 86% occurred for the low and high 
uptake groups respectively (P<0.001) (Table 5.2). 
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Table 5 .2: Effect of different levels of salinity on height and dry biomass ( excluding roots) of low and 
high Na+ uptake groups at ear emergence. 
Groups 
Low Na+ 
High Na+ 
LSD 
NaCl 
(mM) 
1 
75 
150 
1 
75 
150 
(P=0.05) 
Height of 
Main Stem 
(cm) 
538 ± 17 
510 ± 16 
371 ± 13 
649 ± 20 
559 ± 15 
440 ± 14 
31 
Dry Biomass 
(g) 
14.0 ± 0.3 
8.6 ± 0.3 
2.0 ±0.2 
14.0 ± 0.2 
7.5 ± 0.2 
2.0 ± 0.2 
0.5 
Consistent with the data for chlorophyll and leaf longevity, the amount of dead leaf was 
less in the low Na+ uptake group, especially at 7 5 mM NaCl. The amount of dead leaf 
was 0.18 + 0.02 g for the low Na+ uptake group at 75 mM (2.1 % of the total dry 
biomass), compared to 0.51 + 0.05 g for the high uptake group (6.8% of the dry weight). 
At 150 mM NaCl, the difference between groups was significant (P<0.05) but small, 
being 0.09 + 0.01 g for the low uptake group (4.5% of dry weight) and 0.12 + 0.01 g for 
the high uptake group (6.0 % of dry weight). 
5.3.4 Bioniass at grain maturity 
Plants of the two parental landraces (Line 149 'low' and Line 141 'high') were kept 
under salt treatment until grain maturity (20 weeks, 133 din salt). In all treatments the 
main stem height of the low Na+ landrace Line 149 was much greater than the high Na+ 
landrace Line 141, however the heights of both genotypes were reduced by salinity to 
the same proportional extent, 21 % at 75 mM NaCl and 44% at 150 mM NaCl (P<0.001) 
(Table 5.3). 
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Table 5.3: Effect of different salinity levels on height, dry biomass (excluding roots), grain yield, harvest 
index and 1000 grain weight (g) of low and high Na+ uptake landraces at grain maturity. 
Landraces NaCl Height of Biomass No. of Grain Yield/ Harvest 1000 grain 
Main Stem Dry Ears Plant Index** WT** 
(mM) (cm) (g) (g) (g) 
Low Na+ 1 1215 ± 27 63 ± 1 5.7 ± 0.3 15.2 ± 0.4 0.24 ± 0.01 47 ± 1 
(Line 149) 75 964± 8 42 ± 1 5.0 ± 0.3 13.4 ± 0.8 0.32 ± 0.01 46 ± 1 
150 680 ± 11 7±1 1.0 ± 0.0 1.7 ± 0.1 0.24 ± 0.01 36 ± 1 
High Na+ 1 940 ± 27 49 ± 1 15.5 ± 1.0 21.6 ± 0.4 0.44 ± 0.02 45 ± 1 
(Line 141) 75 751 ± 7 31 ± 1 13.3 ± 0.7 15.2 ± 0.5 0.50 ± 0.01 41 ± 1 
150 530 ± 9 7±1 5.2 ± 1.0 2.6 ±0.5 0.39 ± 0.07 29 ±2 
LSD (P=0.05) 35 2 1.3 1.9 0.05 2 
*Harvest Index (HI) = Wt grain/Wt plant 
**WT (g)= Wt grain/No.grain x 1000 
Dry biomass was also greater for the low Na+ Line 149 than the high Na+ Line 141 
(Table 5.3), but again the two durum landraces were similarly affected by salinity. Dry 
biomass was reduced by about 35% at 75 mM NaCl, and 87% at 150 mM NaCl 
(P<0.001). 
In the control treatment, grain yield per plant was greater for the high Na+ Line 141 than 
the low Na+ Line 149 (Table 5.3). This was due to a greater number of ears, the high 
Na+ landrace having about three times the tiller number in control conditions (Table 
5.3). At 150 mM NaCl, both landraces showed the same large relative yield reduction, 
88%. However, at 75 mM NaCl, differences between landraces were clear. The low Na+ 
landrace Line 149 showed a reduction of 14%, which was not significant from the 
control treatment (P<0.05) but the high Na+ landrace Line 141 showed a reduction of 
29%, which was significant at P<0.001. 
Harvest index was calculated as the ratio of grain yield and to total biomass. The shorter 
height and greater grain yield in the high Na+ landrace resulted in a much higher harvest 
index compared with the low Na+ landrace (Table 5.3). Harvest index was greatest at 75 
mM NaCl for both landraces. At 150 mM NaCl, harvest index was similar to that of 
controls. 
The kernel weight (1000 grain weight) was not affected by 75 mM NaCl in the low Na+ 
landrace Line 149, but was reduced by 7% (significant at P<0.05) in the high Na+ 
landrace Line 141 (Table 5.3). In the 150 mM NaCl treatment kernel weight was 
reduced by 23% in the low Na+ landrace and by 36% in the high Na+ landraces. 
5.3.5 Yield component and analysis 
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Yield components of the main stem and tillers were analysed separately, as the low Na+ 
landrace Line 149 was a low-tillering line compared to the high Na+ landrace Line 141, 
and did not produce any tillers at the highest salinity level. 
Grain number in the main stem ear was not affected by 7 5 mM Na Cl in either of the 
durum landraces, at least not to a statistically significant extent (Table 5.4). At 150 mM 
NaCl, main stem grain number was reduced by 37% in the low Na+ landrace and by 
53% in the high Na+ landrace, the differences between the two landraces being 
significant at P<0.001 (Table 5.4). In the rest of the ears, the effect of salinity was more 
marked. At 7 5 mM Na Cl, grain number was reduced by 17 % in the low Na+ landrace 
and by 24% in the high Na+ landrace (P<0.05). The effect at 150 mM NaCl could not be 
compared as no tiller-bearing ears were produced by the low Na+ landrace Line 149. 
The pattern of grain set along the ear did not change with salinity, the percent reduction 
in total grain number at 150 mM being similar to the percent reduction in the lower, 
middle and upper thirds of the ear, for both durum landraces (data not shown). 
Grain yield showed a response similar to that of grain number. In the main stem ear, at 
75 mM it was not reduced to a statistically significant extent (Table 5.4). At 150 mM 
Na Cl, grain yield of the main stem was reduced by 50% in the low Na+ land race Line 
149 and by 61 % in the high Na+ landrace Line 141, differences that were significant at 
the P<0.05 level. In the rest of the ears, at 75 mM NaCl there was a small reduction 
( about 15 % ) in the low Na+ landrace and a larger one (3 2 % ) in the high Na+ landrace. 
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Table 5.4: Effect of different levels of salinity on reproductive yield of the main stem and other tillers in 
low and high Na+ uptake landraces at grain maturity. 
Landraces Main Tillers 
Stem 
1000 1000 
NaCl No. of Grain Grain No. of Grain Grain 
Grain Yield WT Grain Yield \VT 
(mM) (g) (g) (g) (g) 
Low Na+ 1 72 ± 3 3.4 ± 0.2 47 ± 1 259 ± 8 12 ± 1 46 ± 1 
(Line 149) 75 74 ± 1 3.4 ± 0.2 46 ±2 216 ± 13 10 ± 1 46 ± 1 
150 45 ± 1 1.7 ± 0.1 38 ± 1 *NIA *NIA *NIA 
High Na+ 1 49 ± 3 2.3 ±0.2 48 ± 3 429 ±9 19 ± 1 45 ± 1 
(Line 141) 75 44 ± 1 2.0 ± 0.1 46 ± 1 328 ± 8 13 ± 1 40 ± 1 
150 23 ± 3 0.9 ± 0.1 37 ± 1 73 ± 19 1.8 ± 0.5 24 ± 1 
LSD (P=0.05) 5 0.3 4 23 1 3 
*NIA (not applicable) since no tillers were produced at this treatment 
The 1000 grain weight of the main stem ear was not affected by 75 mM NaCl in either 
landrace, and was reduced to the same extent (about 20o/o) by 150 mM NaCl in both 
landraces (Table 5.4). However, in the rest of the ears, there was a significant difference 
between landraces. Kernel weight was not at all reduced by 75 mM in the low Na+ 
landrace Line 149, while it was reduced by 11 % in the high Na+ landrace Line 141. 
5.3.6 Ion accumulation at grain maturity 
Na+ concentration in the grains and glumes was measured at grain maturity for the two 
parental durum landraces. Very little Na+ was transported into the grain at any salinity 
level, yet genotypic differences were still apparent (Table 5.5). Grain Na+ was lower in 
the low Na+ landrace Line 149 than the high Na+ landrace Line 141. Grain Na+ 
increased in both landraces as treatment Na Cl concentration increased. 
. ..... 
Na+ concentration in the glumes was consistently higher than in the grains (Table 5.5), 
but less than found in leaf 8 at ear emergence. Na+ accumulated to high levels in the 
high Na+ landrace Line 141 under moderate and high salinity treatments, but remained 
low in the low Na+ landrace Line 149. 
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Table 5.5: Effect of different levels of salinity on Na+ concentration in grain and glumes of Low Na+ 
(Line 149) and High Na+ (Line 141) landraces at grain maturity. 
Landrace NaCl Grain Glume 
rnM Na+ Na+ 
µ,mol g-1 DW µ,mol g-1 DW 
Low Na+ 
1 0.6 ± 0.0 1.4 ± 0.1 High Na+ 1.5 ± 0.2 28.0 ± 5.0 
Low Na+ 
75 1.5 ± 0.3 5.6 ±0.6 High Na+ 9.0 ± 1.0 436 ± 30 
Low Na+ 
150 1.9 ± 0.5 14.1 ± 2.7 High Na+ 17.0±3.6 597 ± 142 
5.4 Discussion 
Growth and yield were markedly reduced by the salinity treatments imposed in this 
study, as typically observed for durum wheat and for many other species (Maas and 
Hoffman 1977; Munns et al. 2002). The growth of all genotypes was reduced to a 
similar extent under the high salinity treatment, but there were significant differences in 
the growth and yield responses of the high and low Na+ genotypes at the moderate 
salinity level. 
5.4.1 Na+ accumulation 
The study revealed up to ten-fold differences in Na+ accumulation between the high and 
the low Na+ genotypes. These large differences persisted through the whole plant 
growth cycle, being apparent in leaf 4 shortly after the start of the salinity treatments, in 
leaf 8 at ear emergence, and in the the glumes and grain at maturity. The measurements 
of Na+ concentration made on leaf 4 of the F3:4 families confirmed the differences 
observed in the previous F2:3 generation, highlighting the moderate-high heritability of 
the Na+ exclusion trait deriving from the low Na+ landrace parent, Line 149 (Chapter 4). 
The Na+ concentrations measured in the glumes were of a similar magnitude to those 
measured in leaves 4 and 8, but Na+ concentration in the grain was much lower. The 
difference between grain and glumes was very marked for the high Na+ landrace at 7 5 
and 150 mM NaCl. Even though there was a trend for grain Na+ concentration to 
increase with external salinity level, the data indicate that both genotypes had highly 
effective Na+ exclusion from the phloem feeding the growing grains. 
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Another interesting observation was that the difference in Na+ accumulation between 
the high and low Na+ genotypes was very obvious, even at the lowest salinity level, 1 
mM NaCl. The difference at 1 mM NaCl was apparent in leaf 8, the glumes and, to a 
lesser extent, in the grain. This observation confirms the general reputation of durum 
wheats as being very poor in excluding Na+. The observation also suggests that efficient 
selection for the Na+ exclusion trait deriving from Line 149 may be possible without the 
need to impose anything more than a very mild level of salinity. 
5.4.2 Chlorophyll retention 
Genotypic differences in Na+ accumulation were closely associated with genotypic 
differences in retention of leaf chlorophyll. The low Na+ group showed higher 
chlorophyll retention at 7 5 mM Na Cl than the high Na+ group, for all leaves monitored. 
At 150 mM NaCl, this was not the case in leaf 3 (which was already fully expanded 
when salt was imposed) nor leaf 4, but for leaves 5, 6 and 7 the low Na+ group retained 
chlorophyll longer than the high Na+ group. In the 75 mM salinity treatment, the total 
amount of dead leaves recorded at ear emergence for the low Na+ group was much less 
than for the high uptake group (2.1 % versus 6.8% of the shoot dry matter). At 150 mM 
NaCl the differences between groups were smaller, but still clear. The data indicated 
that, at high salinity, each upper leaf of the low Na+ group would have remained green 
for at least 7 d longer then those of the high Na+ group. 
As the experiment progressed, leaves in the 7 5 mM treatment showed greater 
chlorophyll retention than in the control (1 mM NaCl) treatment. This phenomenon has 
been observed previously (Rawson et al. 1988) and was attributed to the lesser extent of 
self-shading in the salt treatment. In this study it may also have been related to the 
higher initial values of chlorophyll concentration measured in the leaves of salt-treated 
plants. These higher initial values may have been due to the reduction in leaf size 
caused by salt treatment and a consequent increase in chloroplast density per unit leaf 
area (Rivelli et al. 2002). 
Chlorophyll retention is only one indicator of leaf photosynthetic function under saline 
conditions. More subtle impairments of photosynthetic machinery not revealed by 
SP AD measurements, or differences in stomatal conductance under saline conditions, 
86 
may also be important in influencing leaf photosynthesis. For instance, Rivelli et al. 
(2002) observed that the stomata! conductance of a low Na+ landrace was reduced to a 
greater extent than that of a high Na+ landrace when plants were grown in a short-term 
study at 150mM NaCl. That study was too short for loss of chlorophyll to be observed 
in either landrace. 
5.4.3 Biomass production at ear emergence 
Genotypic differences in growth responses to salinity observed at ear emergence tended 
to reflect the genotypic differences measured in chlorophyll retention up to that time. 
This indicates that other factors that may have influenced net carbon gain were either 
less important than chlorophyll retention, or correlated with chlorophyll retention. The 
dry biomass recorded at ear emergence showed significant (P<0.05) differences 
between the low and high Na+ group at 75 mM NaCl, being reduced by 38% for the low 
and 4 7 % for the high Na+ group. The difference in biomass between the two groups at 
7 5 mM was not due to differences in the effect of salinity on tiller number; the total 
number of shoots at 75 mM was reduced by about 15% for both groups. However, 
height was more affected in the high Na+ group. Thus it is likely that a combination of 
less reduction of stem elongation and greater leaf longevity resulted in a smaller effect 
on biomass production in the low Na+ group in the 7 5 mM Na Cl treatment. 
The effect of 150 mM salt was the same for the two groups, showing that at this severe 
stress (tiller numbers were reduced by two thirds and dry biomass by 84% ), any 
beneficial effects of low Na+ and longer leaf longevity were not sufficient to be of 
demonstrable benefit to plant growth. 
5.4.4 Biomass, grain yield, and yield coniponents at plant maturity 
At maturity, plant biomass was affected equally for the low Na+ and high Na+ landraces, 
at both 75 mM NaCl and 150 mM NaCl. Plant height was also affected equally for the 
two landraces. However, the yield (total grain weight per plant) of the two landraces 
was affected differently by salinity, at least at 75 mM. There was no significant 
reduction observed at 7 5 mM Na Cl for the low Na+ landrace, whereas the high Na+ 
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landrace showed a significant (P<0.05) reduction. The percent reduction in yield at 150 
mM was the same for both. 
A major effect of the high salinity treatment was a reduction in tiller production and 
growth. No ear-bearing tillers were produced by the low Na+ landrace at high salinity. 
Tillering was also severely reduced, though not totally eliminated, for the high Na+ 
landrace. Those tillers that did survive to produce ears had relatively few and small 
grains. These results at 150 mM NaCl support the conclusions of earlier studies. 
Francois et al. (1994) found that the yield-reducing effect of salinity was mainly 
through the effect on tiller production, when plants experienced salinity during the 
vegetative stage. A reduction in the number of ear-bearing tillers accounted for most of 
the yield reduction observed in studies of salt-stressed bread wheat (Maas et al. 1996) 
and also durum wheat (Maas and Grieve 1990). 
The effect on tiller growth and survival of 75 mM NaCl was much less than that of 150 
mM NaCl. Under moderate salinity, ear number was reduced by approximately 13% for 
both landraces. In this case, the difference between genotypes in the effect of moderate 
salinity on yield was associated with differences in the effects of salinity on kernel size 
and kernel nurriber per ear. 
Kernel size (1000 grain weight) was not affected at 75 mM NaCl in the low Na+ 
landrace, but was reduced by 7% in the high Na+ landrace. This difference was 
dominated by the response of tillers: the kernel size for the main stem was not 
significantly affected by 75 mM in either group, but for the tillers there was a significant 
difference between genotypes. The response of kernel number of the main stem to 
moderate salinity was also not significantly different for the parent genotypes. However, 
grain number for tillers went down by 17% in the low Na+ and 24% in the high Na+ 
genotype at 75 mM NaCl treatment. Maas et al. (1996) found a similar pattern for bread 
wheats. 
Harvest index calculated at grain maturity (grain yield/ total biomass) was much less 
for the low Na+ than the high Na+ landrace, presumably because of the large difference 
in stem height. The harvest index of both genotypes increased in the 7 5 mM Na Cl 
treatment, a result of the considerable reduction in stem height with little reduction in 
grain size or number. An increase in harvest index with increasing salinity has been 
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reported for bread wheat (Francois et al. 1994; Maas et al. 1996; Kelman and Qualset 
1991), although not for durum wheat (Francois et al. 1986). A higher harvest index has 
also been reported by Schachtman et al. (1992) for their low Na+ uptake genotypes at 
highest salinity (150 mM NaCl) due to effective maintenance of kernel weight and 
number. 
The differences in yield and yield components between the high and low Na+ landrace 
genotypes observed in this study were similar to those reported by Maas and Grieve 
(1990), who compared a durum cultivar (high Na+) with a bread wheat cultivar (low 
Na+). At a salinity equivalent to about 100 mM NaCl (0.45 MPa) they showed that the 
yield of the (low Na+) bread wheat was reduced by only 7% compared with a 38% 
reduction for the (high Na+) durum wheat. At a higher salinity, equivalent to about 150 
mM NaCl (0.65 MPa), there was less difference between genotypes, the bread wheat 
being reduced by 43% and the durum by 54%. The number of grains per ear decreased 
with salinity in both species while the weight per grain, and the weight of grain borne 
by each tiller, decreased only in the durum cultivar. Similarly, Francois et al. (1986) 
reported a greater yield reduction in a durum than a bread wheat cultivar. These 
differences in yield response may disappear if a low Na+ durum genotype is compared 
to a (low Na+) bread wheat. Such an experiment would best be done after the low Na+ 
trait from the landrace used here has been back-crossed into a commercial durum 
cultivar of very similar height, tillering capacity and phenology to a commercial bread 
wheat cultivar. 
5.4.5 Effects of salinity on growth 
In this study, growth reductions caused by salinity were much .greater than genotypic 
differences in the extent of growth reduction associated with differences in Na+ 
accumulation. For example, growth at 150 mM NaCl was reduced by about 90%, 
irrespective of genotypic differences in Na+ accumulation. In fact, Na+ concentrations in 
leaves of low Na+ genotypes grown at 150 mM Na Cl (in which growth was reduced by 
about 90%) were very low, even less than those of high Na+ genotypes grown at 1 mM 
Na Cl. This confirms that the primary effect of salinity on growth is due to the osmotic 
effect of salt in the soil solution, not to the presence of salt within the plant. At 150 mM 
Na Cl this osmotic effect was so large that any potential benefit from the low Na+ trait 
could not be discerned. 
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Genotypic differences in Na+ accumulation were associated with differences in the 
response of growth to the more moderate 7 5 mM Na Cl treatment, but the differences in 
growth response were less than anticipated from results of previous studies. In studies 
comparing bread wheat (low Na+) and durum wheat (high Na+), Schachtman et al. 
(1991) observed substantially greater growth reduction in the durum wheat. When T. 
tauschii accessions differing in Na+ exclusion were compared (Munns et al. 1995), 
growth of the low Na+ accession after 47d at 150 mM NaCl was nearly three times that 
of the high Na+ accession, despite very similar growth in the absence of salt. Associated 
with this difference in growth reduction was a 6-fold difference in the proportion of leaf 
that had senesced. 
An important difference between the present study and these previous studies is the 
development stage at which the salinity treatments were initiated. In the earlier studies, 
salinity treatments were initiated when the second (Schachtman et al. 1991) or first 
(Munns et al. 1995) leaves had reached full expansion. In this study, the salinity 
treatments were not initiated until after leaf 3 was fully expanded. This delay was 
because of the need to vemalise the durum seedlings for several weeks. Vemalisation 
was applied to ensure uniform phenological development among the genotypes grown 
in this long-term study. It was considered highly likely that the effects of salinity on 
growth and yield may have been influenced by an interaction between the duration of 
exposure to salinity and variation in timing of anthesis, if anthesis time had been 
allowed to vary among genotypes (Maas and Poss 1989). 
Munns et al. (1995) suggested that the extent of growth reduction associated with leaf 
senescence will depend on the balance between the rate of leaf death and the rate of new 
leaf production, and that genotypic differences in growth reduction will appear only 
after a large proportion of the leaves of salt-sensitive genotypes are dead. In this study, 
leaf senescence proceeded relatively slowly, possibly because the salinity treatments 
were applied late. The proportion of dead leaves at ear emergence was greater for the 
high Na+ genotypes, but dead leaves were only a relatively small proportion of shoot 
dry matter. 
The late initiation of the salinity treatments may also have been an important factor 
influencing genotypic differences in the effect of salinity on yield. The moderate 
salinity treatment may have been initiated too late to have a differentiating effect on 
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tiller number, which was reduced by only 13% in both landraces. Genotypic differences 
in the effect of moderate salinity on yield reflected processes occurring later in plant 
development. Grain number is determined at anthesis and kernel size after anthesis. 
5.5 Conclusion 
In summary, the low Na+ trait was associated with enhanced leaf chlorophyll retention 
at moderate and high salinity and less growth reduction at ear emergence under 
moderate salinity, though not high salinity. For the two parent landraces grown to 
maturity, there was no significant effect on yield of the low Na+ landrace at 7 5 mM 
NaCl, whereas yield of the high Na+ landrace was reduced by 29%. Again, there was no 
difference at high salinity. The difference in the response of yield at moderate salinity 
was achieved through differential effects on kernel number and size, which are 
determined around and after anthesis, rather than on tiller number, which is determined 
well before anthesis. 
It was difficult to compare the shorter, free-tillering, high Na+ landrace to the tall, 
restricted-tillering, low Na+ landrace since the grain yield/ plant at low salinity was 
substantially greater for the high Na+ uptake landrace, due to a much greater number of 
' 
ears and much shorter stems. Future experiments with genotypes of more similar 
phenotype, ideally with near-iso genie lines differing only in Na+ accumulation, are 
needed to more clearly establish any benefit of low Na+ accumulation for yield in saline 
soil. Future experiments also need to establish the importance of the timing of 
imposition of salinity. 
Lastly, the experiment showed that there was no beneficial effect of the low Na+ trait at 
the highest salinity level. At such high salinities, it may be necessary to have the ability 
to tolerate high levels of leaf Na+, by compartmentalising the Na+ in vacuoles, an 
adaptation possibly conferred by the expression of a vacuolar antiporter. Pyramiding of 
different traits should result in further increments of salt tolerance, and possibly elevate 
the salt tolerant status of durum wheat to that of barley. 
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CHAPTER 6 GENERAL DISCUSSION 
The mechanisms of salt tolerance are complex. Different mechanisms are known to 
control the transport and storage of Na+ in plants, and to provide tolerance of the 
osmotic effect of salt in the soil solution. This study has focussed on the mechanism of 
Na+ exclusion, and the hypothesis that Na+ exclusion can improve tolerance to moderate 
levels of salinity. The fact that modern durum wheat cultivars are more salt sensitive 
than bread wheat cultivars has been known for some time. The greater salt tolerance of 
bread wheat at moderate levels of salinity has been linked with its ability to exclude 
Na+. Wheat genotypes that are less able to exclude Na+ allow high Na+ concentrations to 
accumulate in the shoot, resulting in early senescence of the older leaves, reduced 
growth and yield. In the present study it was found that a low Na+ durum wheat 
landrace yielded well at moderate salinity as compared to a high Na+ landrace. Some of 
the interesting findings and a model proposed in relation to this work are discussed in 
this chapter. 
6.1 Genetic variation in Na+ transport to shoots 
The first set of experiments was designed to investigate the possibility that the low Na+ 
accumulation found in selected durum landraces was due to genetic differences in the 
rate of Na+ transport from root to shoot, and not to higher relative growth rates or 
shoot:root ratios. The genotypes selected had different seedling vigour, and may have 
had different relative growth rates, which would itself affect rates of ion accumulation 
in the shoot (see chapter 2). However, no significant differences between genotypes 
were observed in shoot:root ratios or in relative growth rates, showing that the genetic 
variation in shoot Na+ accumulation, which was as great as five-fold, was indeed due to 
genetic differences in rates of ion transport from root to shoot. Genetic differences in 
Na+ accumulation were not associated with er accumulation, for which there was little 
genetic variation. 
Root concentrations of Na+ and er were relatively similar in all genotypes. The pattern 
of ion accumulation with increasing external NaCl indicated that roots had tight control 
of accumulation, the root concentration of Na+ and er reaching a plateau when the 
external NaCl was about 50 mM. Root Na+ and er concentrations were higher than the 
external solution at low salinity (1-50 mM), and lower than the external solution above 
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50 mM (see chapter 2). The genetic differences in shoot ion accumulation were 
therefore largely due to genetic difference in net uptake by the roots from the external 
solution, and not to retention within the root. However, Na+ was a little higher in the 
roots of the genotype with the lowest shoot concentration, indicating a degree of control 
of transport at the loading of the xylem as suggested by Gorham et al. (1990). 
The stability of the Na+ exclusion trait in soils with varying salinity or sodicity was 
tested. The genetic differences in both growth and Na+ concentrations were observed at 
all salinity levels. The possibility that Na+ exclusion might carry a penalty in terms of 
water relations was considered. However, recent experiments by Rivelli et al. (2002) 
showed that genotypes with low Na+ accumulation had high osmotic pressure due to the 
accumulation of K+ and organic solutes. An experiment not reported in this thesis, but 
included in a publication (Munns et al. 2002), showed that low K+ supply did not affect 
the ability of a low Na+ genotype to maintain its lower Na+ uptake and K+/Na+ 
discrimination. 
6.2 Interaction of Na+ with Ca2+ 
To test the performance of the low Na+ genotypes in sodic soils, a range of external 
Ca2+ concentrations were used, including a very low concentration (0.5 mM Ca2+) that 
could occur in sodic soils. Ca2+ supply had a significant effect on growth, and Na+, K+ 
and er accumulation in all genotypes. Increasing the Ca2+ supply from 0.5 to 2 mM 
increased the growth rate, increased K+ accumulation and decreased the accumulation of 
Na+ and er in shoots. There was a large effect of Ca2+ on K+/Na+ selectivity. Increasing 
the external Ca2+ concentration further, from 2 to 10 mM Ca2+, did not further increase 
growth but did have a strong effect on K+/Na+ selectivity. However all genotypes 
showed a similar pattern of response to Ca2+ supply, and the low Na+ landrace 
performed best under all conditions with respect to Na+ accumulation (see chapter 3). 
An unexpected finding was that the low Na+ genotype showed severe Ca2+ deficiency 
symptoms, especially at the higher salinity levels. Usually 10 mM Ca2+ is considered as 
sufficiently supplemental to 150 mM NaCl, and increases the activity of Ca2+ in the 
external solution to a level that is sufficient for plant growth. However, 10 mM Ca2+ 
was unable to overcome the Ca2+ deficiency problems in the low Na+ uptake durum 
genotype, even though Na+ accumulation was reduced to a similar extent in all 
genotypes by the additional Ca2+. When 15 mM Ca2+ was used, it overcame the Ca2+ 
deficiency symptoms completely (see chapter 3). 
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The low Ca2+ uptake character was clearly physiologically independent of Na+ uptake, 
but there was concern that this deleterious trait might be genetically linked with the low 
Na+ uptake trait, which would make the low Na+ germplasm unsuitable for sodic soils . 
However, the subsequent genetic studies showed that the traits segregated 
independently. This showed that it would be feasible to eliminate the Ca2+ deficiency 
character in a breeding program, by identifying segregants with low Na+ but without the 
Ca2+ deficiency problems. 
6.3 Genetics of Na+ uptake in durum wheat 
On the basis of results obtained from physiological studies, two durum landraces were 
selected for genetic studies. One landrace (Line 149) had very low Na+ uptake and the 
other (Line 141) had exceptionally high Na+ uptake. The heritability of the low Na+ 
exclusion trait was determined. Crosses were made between the two durum landraces, 
and F2 individuals were screened for Na+ exclusion at high salinity (150 mM NaCl), 
using partially supplemental Ca2+ to reveal individuals with Ca2+ deficiency. Leaf 3, 10 
d after its emergence, was measured for Na+. The F 1 mean Na+ concentration was 
intermediate to the mid-parent and the low Na+ parent, suggesting incomplete 
dominance gene action. The progeny in the F2 generation segregated in a 15: 1 ratio, 
suggesting two dominant genes of major effect. Some variation in the F2:3 families 
suggested action of minor genes might also be important (see chapter 4). 
It is possible that the control of Na+ exclusion could be located within the cortex of the 
roots; this is likely as the two parental genotypes showed little difference in root 
concentration, but large differences in shoot concentration. Two genes acting together 
could be a selective cation channel, such as a K+ channel, or a non-selective cation 
channel that allows entry of Na+ at high external Na+ concentration, together with a 
sodium antiporter on the plasmalemma that causes efflux of Na+ in exchange for 
protons. Thus, any Na+ that enters the root cells could be removed by an antiporter. 
Genes for minor effect could be operating within the root to further restrict Na+ 
transport to the shoot, as the concentration of Na+ within the root of the low Na+ parent 
landrace was a little higher than that of the high Na+ parent. Selective channels or 
antiporters could be located in the stele and control loading of the xylem. 
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To determine heritability of the Na+ exclusion trait, F2:3 families from low Na+ and high 
Na+ individuals in the F2 generation were tested for Na+ uptake. Low Na+ uptake had a 
realised heritability of 0.43, indicating a moderate response to selection in the F2 
generation, and implying a relative ease of selection in a breeding program. However, 
dominance gene action means heterozygotes cannot be recognised and so selection 
would be slow in the early generations of a breeding program where the frequency of 
heterozygous families at either or both loci is high. Molecular markers for the low Na+ 
uptake trait would therefore be useful. . 
DNA from leaf samples of both the F2 and F3 populations was extracted for use in 
identifying a linked molecular marker for Na+ uptake. A putative marker for the Na+ 
exclusion trait was identified by Megan Lindsay (reported in Munns et al. 2002) from a 
cross between the low Na+ uptake durum landrace described above and the commercial 
cultivar Tamaroi, using AFLPs, RFLPs and microsatellite markers to identify a major 
QTL for this trait. A QTL of large genetic effect was located on the long arm of 
chromosome 2A, and a closely linked marker was identified for development into a 
robust marker for use in a breeding program. The identified marker was tested on the 
population used for the inheritance study, and found to be closely linked to the low Na+ 
trait (chapter 4). The high Na+ landrace in this cross is genetically unrelated to Tamaroi, 
showing that the marker is very close to the locus for the low Na+ trait. The marker is 
now being used to select for low Na+ families in a breeding program (Megan Lindsay, 
Richard James and Ray Hare, unpublished data). 
6.4 Na+ exclusion trait in durum wheat versus bread wheat 
The locus for Na+ exclusion that mapped to chromosome 2A is clearly different from 
the locus for Na+ exclusion identified in bread wheat. The locus in bread wheat (Knal) 
controls Na+ exclusion and K+/Na+discrimination, and is on chromosome 4D 
(Dubcovsky et al. 1996). The high K+/Na+ ratio of the selected durum landrace with low 
Na+ in shoots initially suggested that there may have been a locus on A or B genome 
that was homoeologous to the Knal locus on the D genome. The finding of the marker 
on chromosome 2A of the durum landrace (Line 149) raises the possibility of a different 
mechanism of Na+ exclusion and K+ IN a+ discrimination. It is not known whether this 
'2A' mechanism operates in hexaploid wheat. 
6.5 Biomass and yield as affected by salinity 
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In this study, as well as those by others (Munns et al. 1995; Rivelli et al. 2002), 
experiments of short duration showed no significant differences between genotypes in 
the effect of salinity on plant growth. Short duration experiments may be long enough to 
confirm differences in Na+ exclusion ability,but not long enough to prove that this 
ability confers salt tolerance. Therefore, it was considered necessary to conduct a long-
term .growth experiment and study the effect of the low Na+ accumulation trait on 
growth and yield of durum wheat in saline soil. 
Two durum landraces and four families having exceptionally low or high Na+ 
accumulation were grown to ear emergence at low (1 mM NaCl), moderate (75 mM) 
and high salinity (150 mM) levels. Photosynthetic capacity and leaf injury over time 
were monitored by recording chlorophyll concentration with a SP AD meter ( chapter 5). 
The low Na+ excluding genotypes showed greater chlorophyll retention at moderate and 
high salinity. Biomass and height of low Na+ and high Na+ genotypes harvested at ear 
emergence were reduced to the same extent by high salinity. Moderate salinity had less 
effect on plant height and biomass, and the effects on low Na+ genotypes were less than 
on high Na+ genotypes. The genotypic difference was not large, possibly because the 
salinity treatments were initiated relatively late. 
Only the parental landraces were grown until grain maturity. At moderate salinity (75 
mM NaCl) the low Na+ landrace performed better than the high Na+ landrace, relative to 
their performance at low salinity. There was no significant reduction in yield of the low 
Na+ landrace at 75 mM NaCl, but the yield of the high Na+ landrace was 30% less. The 
better performance of the low Na+ landrace may have been due to its ability to retain 
chlorophyll longer in leaves, making it possible for it to maintain a more positive carbon 
balance under moderate salinity, so sustaining kernel number and kernel weight. These 
yield components of the low Na+ landrace were relatively unaffected by moderate 
salinity. At high salinity (150 mM NaCl), the yield of both genotypes was reduced by 
90% (chapter 5). Thus, at the higher salinity (150 mM NaCl) there was no beneficial 
effect of the low Na+ trait. At high salinities, other mechanisms may be necessary. For 
instance, the ability to tolerate high levels of Na+, by compartmentalizing the Na+ in 
vacuoles, may allow better growth and yield. 
6.6 Model for effects of salt on yield 
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The results of the long term growth experiment allow speculation on the cause of the 
yield reduction in saline soil, as the effects of salinity were much greater than the effects 
of genotypic differences in Na+ exclusion. 
Salinity itself had a large effect on biomass and yield. The effect on biomass was 
mainly due to a reduction in tiller number and plant height. The effect on yield was 
mainly due to the reduced number of heads, but also to reduced grain number per ear, 
and reduced grain weight. All these effects were greater at the higher salinity, and all 
are typical of water stress. 
The genotypic effect on grain yield was relatively small. At high salinity it was 
insignificant, confirming that the effect of salt in the soil solution was largely due to 
water deficit stress, as large differences in Na+ accumulation between genotypes made 
no difference to the effect of the high salinity treatment. At moderate salinity there were 
significant genotypic effects on growth and yield, although smaller than expected, The 
higher grain number and grain weight of the low Na+ landrace indicate better transport 
of assimilate to the growing ear around an thesis and growing grain after an thesis. This 
is consistent with the greater chlorophyll retention of older leaves in the low Na+ 
landrace. 
A diagram comparing the osmotic and Na+ specific effects of salt is shown below. The 
osmotic stress reduces the formation of new leaves, through both rate of leaf expansion 
and rate of tiller production. The Na +specific effect affects leaf longevity, with high Na+ 
accumulation accelerating leaf death. These two factors affect the production and 
maintenance of assimilates. Assimilate supply determines both the development of 
reproductive organs (fertile tiller and floret number), and the filling of the grain that is 
set. Grain filling of stressed plants is sustained by current and stored assimilate. It is 
unlikely that there is any direct Na+ specific effect on grain growth. Na+ levels were very 
low in the seed itself in both genotypes. Neither is a Na+specific effect on the formation 
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of reproductive organs likely, as Na+ levels in the developing floral apex of wheat were 
shown by Munns and Rawson (1999) to be low. 
These concepts are summarised in the following diagram. The osmotic effect inhibits 
leaf development, and the Na+ specific effect inhibits the maintenance of leaf area, by 
accelerating senescence due to Na+ toxicity. 
Osmotic effect Na+ specific effect 
Development and 
maintenance of leaf 
area 
6. 7 Conclusion 
Grain yield (number 
and size of grains) 
Durum wheat landraces with good Na+ exclusion showed distinct genetic variation in 
ion transport. Introducing the Na+ exclusion trait from these durum wheat landraces into 
current durum wheat cultivars may bring about a beneficial outcome for farmers and 
breeders. The study found that these Na+ excluding durum wheat landraces were prone 
to Ca2+ deficiency, but that Ca2+ deficiency segregated independently of Na+ uptake in a 
population from a cross made with a high Na+ uptake genotype. The Na+ exclusion trait 
showed moderate genetic control, and indicated the presence of two dominant genes. 
This indicated a good response to selection for low Na+ uptake with selection in the F2 
generation. The molecular marker identified would help in identifying lines for low Na+ 
accumulation and overcoming the problem of selection of heterozygous families during 
the early stages of inbreeding. Genotypic differences in the effects of salinity on leaf 
longevity, plant growth and yield were found to be v.ery small or non-existent at high 
salinity. Differences between low and high Na+ genotypes were greater at moderate 
salinity. The expression of these differences may depend on the timing of exposure to 
salinity. 
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6.8 Future research 
Knowledge from further research in relation to Na+ uptake in terms of the barriers 
present in the root and within the plant will help to understand the processes involved in 
Na+ exclusion. Genotypic differences in the control of Na+ accumulation in leaves could 
be in the initial uptake from the soil solution, in the loading of the xylem, in removal of 
Na+ in the upper parts of the roots, the root:shootjunction, and the leaf sheath. Lastly, 
Na+ could be removed from the leaf blade by retranslocation. It will also be of interest 
to find out the site where Ca2+ affected Na+ or K+ uptake, and why the deficiency 
occurred in the low Na+ landrace. 
It will be of great interest to compare the distinctive mechanisms of Na+ exclusion in 
bread wheat and to durum wheat. The mechanisms that seem to operate well at lower 
salinity in hexaploid bread wheat may be different from those of tetraploid wheat. It is 
possible that crossing durum wheat with bread wheat may provide a benefit in breeding 
bread wheat with even better control of Na+ exclusion. 
Lastly, it was noted that the low Na+ trait did not have an advantage on yield at high 
salinity. This means that other mechanisms are important there. It is possible that 
compartmentation of Na+ in vacuoles provides a way of tolerating high internal levels of 
Na+, and may provide a mechanism for greater tolerance of both durum and bread wheat 
at high salinity. 
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Appendix 2.1: Effect of different levels of salinity on accumulation of Na+, K+ and Crin the shoots of 
three durum landraces (Lines 149, 151 and 141), durum cultivar Wollaroi and bread wheat Janz after 7 d 
in treatment (Experiment 1). Values are means (n=4) ± se. See chapter 2 page 21. 
Genotype NaCl Na+ er K+ 
(mM) (mmol g-1 DW) 
149 1 0.04 ± 0.00 0.13 ± 0.01 1.47 ± 0.09 
50 0.24 ± 0.02 0.37 ± 0.01 1.32 ± 0.02 
100 0.23 ± 0.01 0.51 ± 0.03 1.15 ± 0.03 
150 0.22 ± 0.01 0.64 ± 0.01 0.58 ± 0.01 
151 1 0.05 ± 0.00 0.24 ± 0.01 1.58 ± 0.01 
50 0.42 ± 0.01 0.45 ± 0.01 1.21 ± 0.01 
100 0.44 ± 0.03 0.58 ± 0.02 1.10 ± 0.01 
150 0.37 ± 0.02 0.83 ± 0.04 0.75 ± 0.03 
141 1 0.12 ± 0.02 0.13 ± 0.01 1.45 ± 0.02 
50 0.96 ± 0.01 0.33 ± 0.02 0.77 ± 0.03 
100 0.99 ± 0.02 0.53 ± 0.02 0.69 ± 0.01 
150 1.04 ± 0.02 0.84 ± 0.01 0.76 ± 0.01 
Wollaroi 1 0.11 ± 0.01 0.17±0.01 1.49 ± 0.01 
50 0.82 ± 0.02 0.33 ± 0.02 0.94 ± 0.02 
100 0.71 ± 0.03 0.55 ± 0.01 0.87 ± 0.04 
150 0.59 ± 0.07 0.86 ± 0.03 0.78 ± 0.03 
Janz 1 0.02 ± 0.00 0.17 ± 0.02 1.64 ± 0.06 
50 0.12 ± 0.04 0.45 ± 0.01 1.49 ± 0.05 
100 0.19 ± 0.04 0.60 ± 0.01 1.29 ± 0.06 
150 0.37 + 0.10 0.85 ± 0.04 0.78 ± 0.04 
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Appendix 4.1: Effect of 150 mM NaCl on Na+ accumulation in Leaf 3 at 10 din salt treatment for two 
durum landraces (Line 149 and 141) and derived F2:3 progeny families. Mean (n=15) ± se. See chapter 4 
page 63. 
Parents Na+ µ,mol/g DW Leaf 3 Range 
Low Na+ 149 304 ± 36 161- 615 
High Na+ 141 1577 ± 45 1302 - 1900 
Low Na+ Families (A) 
20 267 ± 33 85 - 532 
3 298 ± 27 . 101 - 541 
10 318 ± 51 99 - 790 
57 319 ± 39 145 - 689 
2 377 ± 56 137 - 1097 
66 383 ± 88 172-1447 
44 384 ± 123 141 - 1962 
21 398 ± 51 106- 787 
69 416 ± 32 216-631 
67 466 ± 54 274- 943 
22 484 ± 46 190- 786 
18 518 ± 37 332 - 764 
16 527 ± 54 273 - 1081 
68 702 ± 132 177 -2184 
19 766 ± 112 144- 1705 
High Na+ Families (B) 
32 414 ± 95 125 - 1344 
89 442 + 64 56 - 961 
83 646 ± 73 327 - 1346 
94 666 ± 61 363 -1135 
73 857 ± 58 576 - 1523 
8 868 ± 48 581 - 1309 
37 875 ± 76 344- 1396 
64 917 ± 65 639 - 1339 
52 936 ± 42 599-1163 
26 972 ± 93 516 - 1656 
100 1155 ± 39 887 - 1428 
50 1266 ± 41 1052 - 1533 
31 1280 ± 36 1015 - 1515 
46 1311 ± 46 1033 - 1557 
86 1449 ± 70 1006 - 2186 
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Appendix 5.1: Effect of different levels of salinity on chlorophyll content in (A) leaf 3, (B) leaf 4, (C) leaf 
5 and (D) leaf 6, (E) leaf 7 and (F) leaf 8 of low (Line 149) and high (Line 141) Na+ uptake durum 
landraces. See chapter 5 page 77. 
